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Abstract

Since the first satellite was launched in the 20" century, satellite
communication technology has been undergoing constant improvement and
development to support the growing user demand. The use of satellite
broadcasting in the 22 GHz band was recently proposed to transmit high-
capacity signals, such as Super Hi-Vision TV. According to ITU frequency
allocation, such a band is available in Regions 1 (Europe, the Middle East,
Russia, and Africa) and 3 (Asia, Australia, and Oceania). Region 3 includes
Japan. In these high throughput satellite and future satellite broadcasting
system, rain attenuation has a strong effect on satellite communication
systems that use frequencies above 10 GHz, including the Ku- and Ka-bands.
Several impairment mitigation strategies including site diversity, time
diversity, adaptive satellite power control, and modulation or coding control,
can be used to reduce the influence of rain attenuation. Each method has
unique advantages and disadvantages depending on its services.

The above mentioned methods may be based on qualitative proposals
or empirical knowledge. It is needed to evaluate above future methods
quantitatively in order to realize efficient practical link impairments
mitigation. This thesis deals mainly three rain attenuation mitigation methods
to maintain satellite link service: time diversity, adaptive satellite power

control and site diversity. The evaluations of these methods are done by using



Abstract

measured rainfall rate data all over Japan and Thailand, and measured
received level data of satellite signals in Japan and Thailand. Time diversity
is shown to likely be the most effective method. The adaptive satellite power
control method can be used to improve satellite communication or
broadcasting performance in narrow targeted areas. Regarding site diversity
method, spatial correlation property of rainfall rate is investigated precisely.
It is found that the spatial correlation of rainfall rates has anisotropic
characteristics. This is useful to design efficient site diversity design.

This thesis also re-considers the theoretical relationships among
rainfall rate, attenuation and depolarization due to rain up to 100 GHz using
latest rain model such a Gamma distribution raindrop size distribution. Dual
polarization wireless communication link is useful to increase link capacity
twice as much. However, the above mentioned depolarization effect is

expected to play a more significant role in such a dual-polarized link design.

ii
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Chapter 1

Introduction

1.1 Trend of High Throughput Satellite (HTS) System

For rapid demand of large capacity and high speed satellite communication
and broadcasting, radio wave in higher frequency bands such as Ku- and Ka-
bands will be used and high throughput satellite communication system
(HTS) can be realized. For example, WINDS(Japan) is a one of HTS for
demonstrates the technologies related to ultra-high-speed and large-volume
data communication. There are other HTS such as ViaSat-1(US),
Eutelsat(France), IPSTAR(Thailand), etc. However, rain influence such as
rain attenuation has a strong effect on satellite communication systems that
use frequencies above 10 GHz, including the Ku-, Ka-bands or higher bands.
Several impairment mitigation strategies including time diversity, adaptive
satellite power control, site diversity, or adaptive channel coding and
modulation control, are proposed or have been used to reduce the influence
of rain attenuation. Each method has unique advantages and disadvantages

depending on its services.
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1.2 Future Broadcasting Satellite in Japan

In this era, the number of communication networks around the world is
increasing rapidly. With the increasing volume of information, faster and
higher quality communication links are in demand. To meet these
requirements, satellite communications in frequency bands higher than the
Ku-band [1][2] are expected to provide existing C-band and Ku-band
exchanges, primarily because higher bands have more bandwidth available
to support the growing number of users and can thus facilitate high-
resolution information exchanges. The International Telecommunications
Union (ITU) released a new broadcasting band for use within the last
decade. This band spans 21.4-22 GHz [3] in the Ka-band for Region 1
(Europe, Africa) and Region 3 (Asia, Pacific). As a preliminary service,
Japanese satellite operators intend to use the 21 GHz slot to broadcast high-
quality 8k Super Hi-Vision TV in the year of the Tokyo Olympics (2020)
and they plan to start testing in the current year (2016), as presented in

Figurel.l.
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Figure 1.2: Highlighted areas of heavy rain.
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However, in ITU Region 3, many countries face severe signal
attenuation due to rain, as shown in Figure 1.2. These countries, most of
which are located in the tropical zone near the equatorial line, include the
Philippines, Indonesia, Malaysia, Singapore, and Thailand. Equatorial
climatic conditions almost always produce convective rainfall [4][5], which

particularly degrades the satellite signal propagation property.

1.3 Rain Attenuation Countermeasure Methods

Mitigation techniques [6] for rain attenuation have been widely investigated
to compensate for the effects of rain degradation on satellite
communications. Rain attenuation countermeasures are classified into three
categories, as shown in Table 1.1.

The first category is static methods, which improve the received
signal strength by increasing the transmission power. However, these
methods are limited by the satellite power generation capacity, and they are
ineffective in the presence of strong rain attenuation.

The second is adaptive methods, such as adaptive coding and
modulation control, which are effective when the link becomes unstable as a
result of rain. In these methods, the code or modulation type automatically
changes to increase the power margin. Another adaptive method is adaptive
power control [7], which boosts the satellite signal in specific areas suffering
from rain attenuation. In this case, an adjustable phase-array antenna and a
backup power source are installed on the satellite. However, when the
degree of attenuation is large, particularly at higher frequencies, these
adaptive methods are also limited by satellite resources such as power and

bandwidth.
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The third category of countermeasures is diversity methods, which are
popular and useful methods that have always been used in satellite
communication systems. Several diversity techniques, including site, time,
frequency, and orbit diversity, are available. One method that can be used
when large attenuation is present is site diversity [8]-[10], which involves
two or more stations. The distance between the main and diversity sites
should be sufficiently large to overcome the effects of rain attenuation, but
as short as possible to reduce unnecessary costs. Recently, a novel mitigation
approach based on time diversity was proposed as an efficient method to
solve the data loss during severe rainfall [11]-[16]. Because of recent
advances in technology, complex receivers that have a fast processor and a

high storage capacity can be constructed, so this approach is now becoming

feasible.
Table 1.1: Classification of attenuation countermeasure.
Type Principle and Feature Examples
- Margin addition - EIRP, G/T increase
Statistic - Hierarchical channel - Hierarchical coding &
- Waste of resource modulation
- Adaptive distribution of - Power control
Dynamic link resourced - Bandwidth control
- Good for point to point - Coding rate control
- Prepare channels with S
_ - Site diversity
low attenuation ' o
o - - Time diversity
Diversity correlation

- Frequency diversity
- Good for large
- Orbit diversity
attenuation
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1.4 Objectives of This Thesis

This thesis proposes three rain attenuation mitigation methods and considers
theoretical relations among propagation parameters such as attenuation,
depolarization due to rain which affect the next generation of satellite
communication operating in the Ka-band, as shown in Figure 1.3. The main
objectives of the thesis are as follows:

e To enhance the accuracy of the prediction formula of cross-
polarization up to 100 GHz in order to support the next generation of
satellite communication.

e To evaluate the time diversity method, which maybe the most
effective method to mitigate rain attenuation in Japan as well as in
areas in the tropical region.

e To propose an adaptive satellite power control method as a new
technology of attenuation mitigation.

e To improve the site diversity method by considering the direction-

dependent factor.
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High speed, High quality,
Increase capacity

!
Ka-band
B
Att ti : s
PRUALOR, Rain > Attenuation
Depolarization etc
i +
Theoretical Experimental
]
! b f
Time diversity Adaptivesateliite Site diversity
power control

Figure 1.3: Flowchart of the research.

1.5 Organization

This thesis consists of the following 6 chapters as shown in Figure 1.4 and

each chapter contents is as follows:

Chapter 1 reviews recent rapid demand of large capacity and high
speed communication performance in satellite communication and
broadcasting systems. Necessity of much higher radio wave frequency bands
is mentioned and as a result importance of rain effect mitigation technology
is mentioned especially in Asian region where rain may happen seriously in
comparison to USA and Europe. Introduction of rain attenuation mitigation

methods are shown by using classification of the methods into 3 categories

Chapter 2 derives theoretical relationships among rainfall rate,

attenuation and depolarization using latest rain model. And practically useful
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approximated relations are derived to predict depolarization due to rainfall
based on the assumption of a gamma raindrop size distribution and
Marshall-and-Palmer raindrop size distribution from 10-100 GHz.
Moreover, the differences in the relation of rainfall rates between the

homogeneity and the inhomogeneity rain models are described.

Chapter 3 evaluates the time diversity method derived by using two
different kinds of information. The first one is beacon signal data from
satellites and the second one is rain radar data. For beacon data, beacon data
from Thailand and Japan represent the rain attenuation behavior in tropical
and non-tropical areas, respectively. Moreover, beacon data can be used to
analyze the dynamic properties of rain fade, such as fade duration and fade
slope. By using high resolution rainfall rate data in time and space all over
Japan produced by Japanese Meteorological Office, time diversity effect is
evaluated and it is found the method is quite effective especially in

broadcasting application.

Chapter 4 evaluates the adaptive satellite power control method using
above mentioned rain data all over Japan. It is simulated that the power
boost is done by several boost beams with several sizes. The optimal control
parameters are derived or suggested to recover service availability

throughout Japan.

Chapter 5 evaluates the site diversity method by using the rain gauge
network at the center of Thailand. The spatial correlation is investigated site-

by-site and is presented as a 2-dimensional spatial correlation map. It is
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found that to enhance the performance of site diversity gain, the direction

factor should be taken into account.

Chapter 6 concludes the thesis and presents areas for future work to

continuously improve rain effect mitigation technologies.

Introduction

Chapterl l

I
! ! 1 !

Chapter2 Chapter3 Chapter4 Chapter5
Theoretical Consideration Time Diversity Adaptive Satellite Power Control Site Diversity
Chapter6
Conclusions

Figure 1.4: Outline of the thesis.
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Chapter 2
Theoretical Consideration of Rain

Effect on Radio Wave

2.1 Introduction

It is well known that rainfall affects satellite communication. Recently,
communications technology has developed rapidly in the direction of
connecting everyone everywhere. For example, this year 2016, Facebook
will launch their own satellite (AMOS-6; a cooperative venture with
Spacecom) [1]. Many Ka-band beams will be used to deliver broadband
internet to much of Africa. Although the Ka-band can contain much
information and can lead to high-speed communication, it is highly sensitive
to rain [2][3]. The reason for this sensitivity is that rain not only attenuates
the power of the signal along the propagation path, but it also can change the
polarization of the signal due to the shape of the raindrops, as shown in
Figure 2.1. The degree of depolarization is expressed as the cross-

polarization discrimination (XPD) [4].
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In 1948, Marshall and Palmer (MP) [5] derived a well-known
exponential raindrop size distribution (DSD) formula and proposed
appropriate parameters. Many years later, Ulbrich [6] presented an accurate
model of the DSD that was based on the gamma distribution. In order to
reflect rain patterns characteristic of particular regions, many researchers
have developed their own formula for the DSD, based on the exponential or
gamma distribution with various parameters [7]-[9]. In 1991, Kozu [10]
investigated the gamma DSD for Japan, using multiparameter radar
measurements and considering microwave attenuation. Kozu’s formula is
very useful for representing the DSD in Japan. Lakshmi et al. [11] proposed
a model for Singapore’s DSD that was based on the gamma distribution with
the shape parameter y = 3.

In a parallel study, Nowland et al. [12] proposed a formula for the
relationship between rain attenuation and XPD by using a small argument
approximation. The cross-polarization can be calculated theoretically, using
the rainfall rate, the attenuation due to rain, the DSD, the forward scattering
amplitude of the raindrops [13][14], the velocity of the rainfall [15], and the
raindrop diameters [16]. Then, Fukuchi [17][18] improved Nowland’s
equation by using many DSDs, such as the MP DSD, the Joss thunderstorm
DSD, and the Joss drizzle DSD, which they calculated up to 40 GHz. In this
paper, in order to support the future use of a higher frequency band, we use a
new DSD model to calculate the cross-polarization approximation up to 100
GHz.

In order to calculate the rainfall rate to the rain attenuation by ITU-R
P. 618-12 [19], the approximation formula of cross-polarization is
considered base on the homogeneous rain model. Although we will assume

that the rainfall rate is constant along the propagation path, we note that the
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rainfall spatial correlation results of many studies have shown that the
rainfall rate is not constant in a block with a given slant path length, and it
may depend on the amount of rainfall, wind direction, and surrounding

environment.

Noise Increase

X X
H-pol ==
V
"""""""" " Depolarizption
V-Pol -
Gaseous _ Interference from
Attenuation other systems

Figure 2.1: Frequency dependence of parameters.

2.2 Parameters Consideration

2.2.1 Raindrop Size Distribution

The MP and gamma DSD models are as follows:
MP N(D)=N, ) @.1)
Gamma N(D)=N,D"e") 2.2)
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where Np is the number of droplets in unit volume, ¢ determines the shape of
the distribution, 4 determines the slope of the distribution, D (mm) is the
size of the raindrops, and R (mm/h) is the rainfall rate. We note that all
parameters have already been determined for the original MP DSD model
and the gamma DSD model investigated by Kozu [10]; these are shown in
Table 2.1.

In Figure 2.2, the DSDs are compared, and it can be seen that
compared to the MP DSD, because of the shape parameter y, the gamma
model is able to more accurately express the behavior of raindrops with
small diameters, which are more common than those with large diameters.
Many studies have suggested that ¢ = 3 is the most suitable choice for the
gamma model, and the obtained data is in good agreement with this. The
results shown in Figure 2.2 were calculated with a rainfall rate of 20 mm/h;

other rainfall rates are not shown, but their results were similar.

Table 2.1: DSD parameters.

DSD type u No (m>mm™'*+) A (mm™)
MP 0 8000 4.1R
0 9057R%177 4 37R02!
Gamma 3 1.19x10°R 032 6.78R 0176
6 1.44x 1 06R 0880 9 16RO176
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Figure 2.2: Comparison of the MP and gamma models with various values

of u=0, 3 and 6.

2.2.2 Rainfall Rate Calculation

In order to investigate the DSD of the MP and gamma models, the rainfall

rate (mm/h) is calculated as

R=6x10"7[N(D)v(D)D*dD 2.3)
0
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where N(D) is the raindrop size distribution for the particular model, and
v(D) is the falling velocity of the rain (m/s), which is defined according to
Ulbrich [15]:

v(D)=3.78D"" 2.4)
where D is the diameter of the drop (mm) and falls in the following range:
0.1< D(mm) <8 (2.5)

Figure 2.3 compares the errors of the rainfall rate as calculated in each
of the DSD models. The ordinate is expressed as the relative difference (%)
calculated by Eq. (2.6) with respect to the rainfall rate of Eq. (2.7):

Error(%)=(R.,,-R,,)/ R, *100 (2.6)

O0< R(mm/ h)<200 2.7)

where R’ is the rainfall rate estimated by Eq. (2.3), and R is the rainfall rate
used in the DSD calculation.

As can be seen in Figure 2.3, the rainfall rate calculated using the MP
DSD model has the largest error (ranging from 10% to 40%), and the error is
particularly large when the rainfall rate is low (1 to 10 mm/h). The gamma
models with various values of x have smaller errors; in particular, when u =
3, the errors are between -2% and 0%. Therefore, it is appropriate to use the
gamma model with 4 = 3 to approximate the XPD. In the following, we will

show only the results for the MP DSD and for the gamma DSD with ¢ = 3.
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Figure 2.3: Errors of derived rainfall rates of the MP and gamma models
with various values of 4 =0, 3, 6.

2.3 Formula for Prediction of XPD

2.3.1 Relationship between Attenuation and XPD

Nowland e al. [12] proposed a theoretical basis for approximating the cross-
polarization; they derived a formula by applying small-argument
approximations and the attenuation A (dB) and XPD (dB) [20] induced by

deformed raindrops, as follows:

A=aR’L (2.8)
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XPD =-20log (|Ak / 2|) - 20log(sin 2|¢ — 7])

—40log(cos &) —20log L +0.00530°

(2.9)

where XPD is the ratio of co- and cross-polarized received components of

the same signal.

Following this, Dissanayake et al. [21], Chu [22], and Fukuchi et al. [23][24]

improved this, as follows:
XPD=U—-VlogA
where the following assumptions are made:
y =aR’

|Ak|=cR’
where

V=20d/b

U =0.00530" —20log(sin 2|¢ — 7)

—40log(cos¢g) +u

C
a(h‘b

u:—ZOlog( ]+(V—20)10gL

20

(2.10)

2.11)

2.12)

(2:13)

(2.14)

(2.15)
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where A (dB) is the attenuation, R (mm/h) is the rainfall rate, ¢ (degree) is
the elevation angle, ¢ (degree) is the effective raindrop canting angle, 7
(degree) is the polarization tilt angle of the incident wave relative to the
horizontal direction, L (m) is the path length through the rain, and o (degree)
is an effective standard deviation of the raindrop canting angle distribution.
In the case of circular polarization, the term (¢-t) in Eq. (2.14) should be 45
degrees. The parameters a, b, ¢, and d are constants obtained from the

specific attenuation, y, and the differential propagation constant, |Ak|.

Y
£
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.| MP .
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24
)_ 24 >_
k] 5 B
o 5 21
oL 24 o
21 4 —&— Honzontal Zt
—8— Vertical
20 4 204
19 T T T T 19 T T T T
a 20 40 B0 80 100 1] 20 Eal 80 BO 100
Frequency (GHz) Frequency (GHz)
Figure 2.4: Frequency dependence of V.
2 1
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! |
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g g -
8 0 8
2 > 2]
] g
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E 11 £
. £ 5
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=
4]
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Figure 2.5: Frequency dependence of u.
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Figures 2.4 and 2.5 show the frequency dependence of V and u from
10 to 100 GHz. The results are derived from the parameters a, b, ¢, and d,
which were obtained from specific attenuation and difference propagation
constants. It can be seen that for both V and u, the frequency depends on the
raindrop size distribution in both the MP and gamma models.

The least-squares method was used to approximate the frequency
dependence of V and u, which were obtained from the results shown in
Figures 2.4 and 2.5; the resulting equations are shown in Table 2.2. We note
that the frequency ranges of V and u were calculated separately in order to
obtain a precise approximation for an equation for XPD for both horizontal

and vertical polarization.

Table 2.2: V and u for the relationship between attenuation and XPD.

Frequency (GHz) Frequency (GHz)
Parameter Parameter
Raindrop size distribution (fi<f<fy) (fi<f<f)
V Un- (V - 20)logL.
fi fa fi fa
14.29f40.142) 10 26 25.28logf + 5.54 10 36
MP
20.581%(0.024) 26 40 35.42logf - 10.23 36 100
(Hor)
12.02M0.168) 40 100
14.21f40.155) 10 26 26.44logf + 2.83 10 36
MP
24.05%-0.013) 26 40 36.891logf - 13.28 36 100
(Ver)
12.85f4(0.154) 40 100
15.23f%0.119) 10 24 25.691logf + 5.38 12 34
Gamma (p=0)
22.4117-0.005) 24 38 33.991ogf - 7.49 34 70
(Hor)
13.91f4(0.122) 38 100 33.95logf - 7.32 70 100
15.33f%(0.124) 10 24 26.45logf + 3.38 12 34
Gamma (u = 0)
24.90f"(-0.029) 24 38 35.48logf - 10.54 34 70
(Ver)
14.72f70.111) 38 100 34.93logf - 9.43 70 100
13.78f(0.149) 10 26 24.80logt + 6.33 12 40
Gamma (pu = 3)
22.66f7(-0.006) 26 40 35.01logf - 10 40 74
(Hor)
12.11f%0.161) 40 100 28.87logf + 1.49 74 100
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13.77fM0.157) 10 26 2546logf + 4.5 12 20
Gamma (pu = 3)
25.40f~(-0.032) 26 40 36.49logf - 13.07 40 74
(Ver)
12.9217(0.147) 40 100 29.90logf - 0.74 74 100
11.95f4(0.195) 12 26 24.03logft + 7.31 14 42
Gamma (1 = 6)
23.35f(-0.013) 26 40 36.19logf - 12.41 42 74
(Hor)
10.58f4(0.197) 40 100 25.67logt + 7.33 74 100
11.58f%(0.214) 12 26 24.57logf + 5.66 14 42
Gamma (i = 6)
26.68f7(-0.044) 26 40 37.69logf - 15.55 42 74
(Ver)
11.28f4(0.184) 40 100 26.70logf + 5.08 74 100

We also used this equation to calculate the XPD and compared these
values with the theoretical results. The basic formula for transmitting and

receiving a wave through the rain [25] is
V = [Vh sin’(¢—17)+V, cos® (4 — r)}cos2 g+V.sin’e (2.16)

where V, is the parameter of the polarized wave, and Vj, V,, and V. are the
parameters for polarization in the A, v, and z directions, respectively. When
computing a circularly polarized XPD with a horizontal propagation path,
the term (¢ — 7) equals 45 degrees and ¢ equals zero; V and u can then be

approximated as follows:

V. +V
V=->t_—» @17
2
. Witu
u', =—L—+ 2.18

where V. and ', are the parameters for circular polarization.
Figure 2.6 shows the relationship of XPD to the attenuation of
frequency at 20 and 100 GHz for both the MP and gamma models. The
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parameters in this calculation are set as follows: L = 10 km, ¢ = 0°, ¢ = 0°,
and (¢— 1) = 45°.

In Figure 2.6, the theoretically calculated and approximated results are
indicated by dots and solid lines, respectively. The two results are in good
agreement. We note that the XPD will be small when the attenuation is

large, and this is due to the negative sign in the following equation:
E‘V
XPD,, =-20log| — (2.19)
EH

where Ey is the cross-polarized received field in the vertical polarization and

Ep is the co-polarized received field in the horizontal directions.

®  Theorstical
50 4 — Proposed approximation

0 S0 100 150 200 250 Q 50 100 150 200 250
Attenuation (dB) Attenuation (dB)

(a) (b)

Figure 2.6: Depolarization comparison of theoretical and proposed
approximation: (a) MP DSD, (b) gamma DSD.
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Figure 2.7: Comparison of XPD of the MP and gamma models with various

values of u =0, 3, 6.

Figure 2.7 presents the results for the XPD for the MP and the gamma
models with various values of . It can be seen that there is no significant
difference between them in the lower frequency band, but in the higher
frequency band, the shape of the droplet (¢) becomes a significant factor in

the attenuation due to the XPD.

2.3.2 Relationship between Rainfall Rate and XPD

The rainfall rate can be used to approximate the XPD [26] by using the
parameters ¢ and d in Eq. (2.12); the differential propagation constant 4k can

be approximated as follows:
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—20log(|Ak[) =u, —u,log f —(uy—u,f)logR  (2.20)
where u;, uz, us, and uy are approximated as constants, and their values are
shown in Table 2.3.

Substituting Eq. (2.20) into Eq. (2.9), the relationship between rainfall rate

and XPD is obtained as follows:
XPD =u, —u,log f —(u, —u, f)logR

—20log (sin 2|p - r|) —40log(cos¢)

—20log L +0.00530° (2.21)
Table 2.3: Values of u for the relationship between rainfall rate and XPD.
Ra;?fé‘OP Parameter Frzaglgzn)cy Parameter Fr&qélﬁf;cy
distribution uj u2 fi > us u4 fi fa

90.02 2046 8 52 2522 -0.0096 8 24
5793 134 52 82 29.83  0.1665 24 52

3157 -1241 8 100 2529  0.0661 52 82

2007  0.0014 82 100

9234 2043 8 56 2473 -0.0204 8 24
Gainiia = 6272 294 56 80 29.04  0.1347 24 56
(1=0) 325 -12.84 80 100 25.66  0.0623 56 80
2027  -0.0049 80 100

93.19 2143 8§ 56 2504  -0.0043 8 28

Gamma ©01.83 301 56 80 30.04  0.1551 28 56
(n=3) 31.66 -12.74 80 100 2687  0.0876 56 80
19.64  -0.0019 80 100

9356 22.13 8 54 2537 00176 8 24
Gamma 6030 263 54 82 2939 01413 24 54
(1=6) 29.11 -13.60 82 100 2752 01029 54 82
1892  -0.0017 82 100

MP
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2.4 Effect of Inhomogeneity of the Rainfall Rate

In previous studies of the theoretical relationship between XPD and
attenuation, rainfall rate has been assumed to be constant due to the lack of
information. There are now several kinds of information available, such as
rain-gauge, radar, and even beacon signal data. Integration of this
information into the model will improve our estimates of the attenuation due
to rain attenuation and the XPD characteristics and propagation. Figure 2.8
shows a comparison of the calculation of the propagation properties when
using homogeneous and inhomogeneous rain models. The formula for the

model with inhomogeneous rain is shown in Table 2.4.

Inhomogeneous Rain
Model

Homogeneous Rain
Model

l
[

-r=—

i L » i
. L4 I .

Figure 2.8: Homogeneous and inhomogeneous rain models.
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Table 2.4: Comparison of propagation for homogeneous and inhomogeneous

rainfall models.

Propagation : :
S Homogeneous rain Inhomogeneous rain
characteristics
L
. . b b
Rain attenuation aR’L a R(r) dr

0

L
Depolarization d ] _ d
XED) 20log(cR'L)+ X, 201og[c ! R(r) dr] + X,

In order to determine the effect of inhomogeneity on the XPD
prediction, we introduce a correction value that expresses the difference
between the XPD values of the two models. Compared to the results from
Fukuchi [27], as shown in Figure 2.9, it can be seen that the correction value
is very small and does not significantly affect the approximation. Figure
2.9(a) shows the XPD correction value as a function of the path length and
calculated at 19.45 GHz. The absolute value of the correction is less than 0.5
dB when the XPD is derived by using the attenuation relationship. This is
because the rainfall inhomogeneity affects both the attenuation and the XPD
in nearly the same way. Figure 2.9(b) shows the XPD correction value
derived as a function of the frequency. Both results show that the rainfall
rate inhomogeneity is not significant. In these figures, the parameter o
expresses the degree of inhomogeneity, which is used in the spatial

correlation of the rainfall rate, as follows:

P = e)(p_a‘/5 (2.22)
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where p is the spatial correlation and D is distance between two locations. In
Figures 2.9(a) and 2.9(b), the shaded area and range bars indicate the

variation due to the cumulative distribution attenuation.

0 01— T

J SN
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Figure 2.9: Derivation of XPD correction value for (a) path length
dependence, and (b) frequency dependence.

2.5 Summary of Chapter 2

This chapter proposes a formula for approximating the cross-polarization
and the relevant parameters up to 100 GHz in order to support the future
design of communication satellites. The cross-polarization strongly depends
on the rainfall rate and frequency, because the rainfall rate can be used to
determine the attenuation due to rain, and XPD will be more dominant when
there is a high precipitation rate and at high frequencies. We compared the
parameters for these relationships using a gamma distribution for the
raindrop size, and we compared the results for various p values and with the
results of an exponential model (MP DSD). The shape parameter p = 3

resulted in the smallest error, and thus it seems to be the most suitable value,
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as has been previously stated in other studies.

The formula for approximating the relation between the attenuation
and the XPD or the rainfall rate are very useful for predicting the cross-
polarization. Moreover, our proposed approximation formula can be used
over a wide frequency range up to 100 GHz.

Usually, the cross-polarization formula is calculated based on the
homogeneous rain model for a high elevation angle or a short slant path
distance. For a lower elevation angle or a longer slant path distance, the
signal may pass through many rain regions. In that case, the homogeneity
approximation formula can be applied, since the inhomogeneity has little

effect on the relationship between the XPD and the attenuation.
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Chapter 3
Time Diversity Method

3.1 Methodology

Time diversity method [1]-[4] will be used in the next generation
broadcasting satellite service using high frequency of Ka-band in order to
reduce the effect of severe rain attenuation. Figure 3.1 shows an example of
time diversity method in both time domain and frequency domain. Most
simple time diversity method requires bandwidth twice as much because of
repeated transmission of the programs with time difference. However,
frequency bandwidth is valuable resource of transmission, one example of
realization of time diversity uses information compressed transmission. For
example, as shown in Figure 3.1, one additional transponder is adopted to
transmit several compressed programs with time difference to the original
programs. The compressed programs need relatively small bandwidth and
transmitted with time delays or time advances.

Use of the time diversity method requires ground precipitation
information coverage for all target areas in order to determine where rain

attenuation problems are occurring. Ground precipitation stations measure
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and record weather parameters such as rainfall rates, wind, humidity, and
temperature in real time, then pass that information to all parties involved,
especially gateway and broadcast stations. When it is determined that
rainfall in affected areas has reached the point where communications are
unreliable, time diversity gateways will be applied. Time diversity from 1
minute to more than 1 hour can be used, and the method works by
transmitting the same information twice. The first transmission, which is the
same as a normal real-time transmission, 1S done in order to maintain
satellite input power and will later be used for information processing. The
second transmission is time delayed (#;) but contains the same information
when time diversity is applied. Each receiver will collect and use both
information types independently.

Receivers will also be required to prepare and maintain large-capacity
central processing unit (CPUs) and memory because some time diversity
method cases will take considerable time to process. Additionally, memory
space will be needed to store received information before processing. Once
both information sets have been obtained, the receiver will extract the
clearest information from each segment in order to assemble the clearest
version of the transmitted data.

In the following analysis, we used a simple time diversity model in
which all information is transmitted twice with a delay between the two
transmissions. The first signal is like a normal transmission to maintain the
satellite input power during heavy rainfall events. The second is applied in
certain areas of concern, which are determined using the method described
above; a second delayed signal is used only for these troublesome areas. The
factor that can be used to express the performance of time diversity 1is

diversity gain. In general, the diversity gain can be determined both rain rate
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and rain attenuation, which can be calculated by the use of different rain rate
or attenuation values between the “no time delay” and each of the time delay

created via Eq. (3.1).

Gd,R:RO_Rd or Gd,A=Ao_Ad (3.1)

where Ry, Ap is the “no time delay™ rain rate and attenuation value and Ry, Ay
is the rain rate and attenuation value for each of the time delays. Both
attenuation values are estimated at 0.1% or 0.01% of cumulative time

percentage.

Time domain .

Broadcaster

[_ Information \_
Frequency domain (E:)T Information W

8K Super Hi-vision
p . Compress quality to HD

.l ; 'I' ' ‘ HL 14
Al Acl A Ad mE#s Provide BW for time
: . diversity method

\ 4

Figure 3.1: The methodology of time diversity and frequency configuration.

In this chapter, there are two kind of information in order to evaluate

time diversity performance. First information is beacon received data from
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both Thailand and Japan to represent rain behavior in tropical and non-
tropical regions. And second information is rain radar data across Japan.
Each information has different process to get the results of time diversity

and parameter involves as shown in Figure 3.2.

-i Information ” 1@

Beacon data ‘ Rain radar data ‘

Raln attenuation ‘ Rainfall rate |
Statistic Dynamic ‘ Diversity gain Time
| characteristic characteristic | correlation

b

l Diversity gain

Figure 3.2: The flows of time diversity process.

3.2 Time Diversity Method Apply with Beacon Data

3.2.1 Measurement Data Analysis

The time diversity method is based on the received beacon data. This section
used two different sites, one in a tropical area and another one in a non-
tropical area. The parameters involved are listed in Table 3.1. In the case of
the tropical zone, the beacon reception site was located at KMITL (13.7257°
N, 100.7778° E), Thailand and receives transmissions from the Thaicom 2
beacon at an operating frequency of 12.57 GHz with vertical polarization,
and the Thaicom 3 beacon operating at a frequency of 12.59 GHz with
horizontal polarization. These satellites are co-located at 78.5°E longitude in

geostationary orbit.
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For the non-tropical zone, the beacon reception site was located at
Kashima Space Technology Center (35.9657° N, 140.6448° E), Japan and
received the beacon of a CS satellite operating at a frequency of 19.45 GHz
with circular polarization and in geostationary orbit at 135°E longitude. We
could only obtain 1 year (2006) for Thaicom 2 & 3 beacon received data at
1-second time intervals, but obtained 2 years for CS beacon received data
covering the period between Apr 1981 and Mar 1983, also at 1-second time
intervals.

It should be noted that the elevation angle of the received antenna for
the receiving antenna for the CS beacon at KSTC was set at 48°, while the
receiving antenna for the Thaicom 2 and 3 beacon located at KMITL was set
at 59.83°. These values relate to the slant path length (km), where lower
elevation angle values will add significantly more distance to the slant path

when compared to the nearby locations.

Table 3.1: Geographical and radio links parameters of rain attenuation

measurements. Rain attenuation sampling time is 1 s.

Satellite Site Frequency Elevation Polarization Duration
(GHz) (deg)

Communication Kashima 19.45 48.0° Circular April
Satellite (CS) (Japan) 1981-
(GEO, 135.0°E) 35.97°N, March

140.65° E 1983
Thaicom 2 (GEO, Bangkok 12.57 59.8 Vertical 2006
78.5° E) (Thailand)

13.73° N,

100.78° E
Thaicom 3 (GEO, Bangkok 12.59 59.8 Horizontal ~ 2006
78.5° E) (Thailand)

13.73° N,

100.78° E
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Rain Attenuation (dB)

14:00:00 15:00:00 16:00:00 17:00:00
Time (JST)
Figure 3.3: Example of time diversity using CS beacon attenuation time

series. (blue : original data, red : delayed data, green : time diversity result)

In this case, due to the difference in latitudes, we calculated the slant
path length of the CS beacon and determined that it is about 5.9 km, while
the Thaicom 2 and path is 6.2 km. This means the slant path length of the
received Thaicom 2 and 3 beacons is longer than the slant path length of the
received CS beacon if it is assumed that these two stations are located at the
same height (0 km) above mean sea level. As a result, when compared to the
CS beacon, the Thaicom 2 and 3 beacon will be more affected by rain
attenuation due to the longer distance between the receiver antenna and the

rain height.
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Figure 3.3 shows sample of receiver beacon rain attenuation data
collected over 3 hours with time delay and time diversity result. The CS
beacon operating in the Ka-band in Figure 3.3 shows that rainfall has
degraded the KSTC receiver beacon more than 20 dB at the non-tropical
Kashima site. In contrast, the results of Thaicom 2 beacon and Thaicom 3
beacon operating in Ku-band indicate that KMITL in Bangkok, which is
located in a tropical zone, is being hit by severe rain and that signal
attenuation will become more dominant over the Ka band satellite signal.

The measurement comparison shows an approximately dB difference
in rain attenuation between the Thaicom 2 and Thaicom 3 receiver beacons.
More specifically, these two satellites were placed near the same location in
order to back up each other. However, to avoid interference and maximize
utilization, they were designed to use different polarizations. From the
measurement results, it can be seen that the horizontally polarized waves
suffer more degradation due to rainfall than vertically polarized waves, and
that the rain intensity in the reception areas affected Thaicom 3 beacon by
about 12 dB and Thaicom 2 beacon by approximately 9 dB.

However to confirm the behavior of rain between temperate and
tropical regions, the rain statistics in both areas are needed. Figure 3.4 shows
the cumulative rainfall rate of Kashima, Japan by rain gauge data from April
1978 to March 1982, and Bangkok, Thailand using data from ITU-R P.837-6
[5]. This comparison result shows the rainfall rate in Bangkok, Thailand is
much higher than in Kashima, Japan when observed at 0.01% or 0.1% of
time. It shows clear difference of the effect of rain attenuation in different

regions.
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Figure 3.4: Annual cumulative time percentage of rainfall rate between

Kashima, Japan and Bangkok, Thailand.

3.2.2 Frequency Scaling

As mentioned, the signals obtained from the Thaicom 2 and 3 satellites
operate in the Ku-band, at frequencies of 12.57 and 12.59 GHz, respectively.
To allow a comparison of the tropical and temperate region datasets, which
were obtained at different frequencies, the Thaicom 2 and 3 satellite datasets
were scaled up to 19.45 GHz (the CS satellite frequency). The ITU R. P.618-

12 frequency scaling formula from the Ku- to Ka-band was used:

A =A(g, 1) "N 3.2)
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2

_ I
o(f)= 14107 2 )
H(0.0.A)=112x10"(0,/ 0) (9A ) (3.4)

where A; and A; are the equiprobable values of excess rain attenuation (dB)
at frequencies f; and f> (GHz), respectively.

Figure 3.5 shows the attenuation of the Thaicom 2 satellite increasing
from 9 to 19 dB, and the Thaicom 3 satellite increasing from 12 to 25 dB,
after the scaling formula was applied. Thus, a significant rain attenuation
difference of 10 dB and 13 dB for Thaicom 2 and 3, respectively, was

observed when the frequencies are adjusted to 19.45 GHz.
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Figure 3.5: Rain attenuation sample of Thaicom 2 and 3 compared between

frequency of 12.57 and 12.59 GHz, and 19.45 GHz.

3.2.3 Statistic Property

3.2.3.1  Cumulative Time Percentage

As for the satellite communication link, yearly service availabilities were
observed from 0.01 to 0.1% of the cumulative time percentage (P), which
corresponds to the duration of the downtime periods. In this section, the
cumulative time percentage was used to derive the rain attenuation from the
Thaicom 2, 3 and CS receiver beacons at 1-second time intervals. As was

mentioned previously, there is 1 year of receiver beacon data from Thaicom
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2 and 3, and 2 years of CS receiver beacon data, which made it necessary to
rearrange some portions of the data to make them suitable for comparison
purposes.

Figure 3.6 shows a comparison of rain attenuation between Thaicom
2, 3 and CS against the cumulative time percentage. In order to make clear
comparisons, Thaicom 2 and 3 rain attenuation was scaled up to 19.45 GHz,
which is the same frequency used by CS. This result shows the rain
attenuation behavior at frequency of 19.45 GHz on an annual scale.
Particularly, it can be seen that the curves are separated into tropical
(Thaicom 2 & 3) and non-tropical (CS) areas. The first consideration is
given at 0.01% of cumulative time percentage, where it can be found that CS
beacon rain attenuation is about 15 dB. In contrast, Thaicom 2 rain
attenuation is 19 dB and Thaicom 3 reached 24 dB. These results show that
at 0.01% of time, the rain attenuation differences between tropical and non-
tropical zones are at least 4 to 9 dB. Moreover, attenuations observed at
0.1% had genuine impacts on satellite service availabilities since Ka-band
and above. Figure 3.6 shows that there are significant differences in rain
attenuation between tropical and non-tropical zones above the 0.01% level.
From these results, it can be seen that CS rain attenuation is about 5.4 dB,
Thaicom 2 is 13 dB, and Thaicom 3 is 16.5 dB. Thus, the gap between
tropical and non-tropical zone rain attenuation is at least 7.6 to 11.1 dB in
the case of 1 year’s data at 0.1%. More specifically, the difference
attenuation values between Thaicom 2 and 3 is due to difference polarization
effect. It is well known that the horizontal polarization is more attenuated
with raindrop shape (oblate) than vertical polarization especially in tropical

areas.
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Figure 3.6: Yearly cumulative time percentage (P) against rain attenuation of
Thaicom 2, 3 and CS.

3.2.4 Dynamic Properties

Understanding the dynamic properties of rain fade is very important for the
development of rain attenuation mitigation methods. These dynamic
properties can be derived from the data, including the rain drop size
distribution, path length and rain type. Fade duration as investigated by
Mandeep [6] and others [7][8] can express the frequency of rain events and
the total attenuation time for each threshold level of concern. Another
property of interest is fade slope. In Matricciani’s paper [9], statistics for the

rate of change of attenuation at 11.6 GHz were calculated, and shown to be

46



Chapter 3. Time Diversity Method

log-normally distributed [10]. Van de Kamp found that the standard
deviation of the rain attenuation was proportional to attenuation value, as
well as being dependent on the rain type [11]. Studies have shown the fade
slope varies with region, likely due to changes in local climate and elevation
angle [12]-[21]. Fade duration and slope provide good indicators of the
properties of the rainfall distribution.

Figure 3.7 shows a sample of receiver beacon rain attenuation data
collected over 1 hours and illustrates the attenuation exceeded threshold
level, fade duration and fade slope. The CS beacon operating in the Ka-band
in Figure 3.7 shows that rainfall has degraded the KSTC receiver beacon
almost 20 dB at the non-tropical Kashima site. In contrast, the results of
Thaicom 2 beacon and Thaicom 3 beacon operating in Ku-band indicate that
KMITL in Bangkok, which is located in a tropical zone, is being hit by
severe rain and that signal attenuation will become more dominant over the

Ka band satellite signal.
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Figure 3.7: Sample pf CS beacon attenuation time series with example of the

attenuation threshold, fade duration and illustrated fade slope.

3.24.1 Fade Duration

Fade duration is defined as the length of an outage due to rain attenuation. In
this paper, fade duration statistics are calculated from events with
attenuations exceeding 1, 2, 4, 6, 8, 10, 12, 16, 20 and 24 dB and durations
of 1,2,4,6, 8, 10, 20, 40, 60, 80, 100 and 200 seconds. The point of concern
here is taken into account to be the signal quality is substantially degraded
for attenuations levels exceeding 15 dB. It can be shown the amount of the

outage occurrence by rain attenuation in Ka-band.
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3.2.4.1.1 CS Satellite

Table 3.2 shows the number of fade events for the CS satellite obtained over
a two-year period, for the above exceedance levels and durations. It is shown
that rain attenuation events exceeding 15 dB often occurred and the single

longest duration of the largest rain attenuation threshold of 24 dB was 600 s.

Table 3.2: Event number of CS beacon derived for 2 years.

Duration Event number of the attenuation exceeded

(s)

8 10 12 16 20 24

1dB 2dB 4dB 6dB dB dB B dB dB dB

1 45659 13181 2566 1202 463 364 192 63 34 29
2 24230 7288 1592 802 317 257 130 45 27 22
4 11238 3777 1012 504 217 177 94 41 24 18
6 7326 2695 766 389 178 143 86 35 21 16
8 5406 2164 671 334 155 125 82 33 20 14
10 4347 1824 590 301 144 117 78 33 20 12
20 2456 1200 465 232 115 83 62 26 18 10
40 1550 827 343 172 90 61 49 21 15 8
60 1225 666 284 139 79 52 38 17 9 7
80 1049 570 245 121 64 47 33 16 8 5
100 924 515 218 104 55 43 28 15 7 5
200 654 343 140 65 38 31 22 9 5 3
400 431 207 74 28 22 18 11 4 3 3
600 326 155 A 19 12 7 6 3 ) |
800 245 110 24 12 8 5 2 2 0 0
1000 188 86 18 9 4 3 1 1 0 0
2000 94 28 4 4 3 2 0 0 0 0
3000 44 10 1 2 2 0 0 0 0 0
4000 26 5 1 2 2 0 0 0 0 0
5000 21 2 1 2 2 0 0 0 0 0

The statistics presented in Table 3.2 are plotted in Figure 3.8(a). The
average fade duration can be seen to decrease with increasing attenuation

threshold due to the fact that large rain attenuation happens in a short
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duration of time. The percentage of events exceeding a given duration is
shown in Figure 3.8(b). For the CS satellite, an attenuation level greater than

16 dB is seen during 0.01% of rain events.

1e+5 10

Te+d ~

Tetd ™

Te+2 4

Number of fade duartion
Percentage of fade (%)

1e+0

Fade duration (sec) Fade duration (sec)

(a) (b)
Figure 3.8: Fade duration statistic of CS beacon observed at 19.45 GHz. (a)

event number of rain fade, (b) total time of rain fade in percentage.

3.2.4.1.2 Thaicom 2 Satellite

The fade durations in the Thaicom 2 satellite data were obtained over
a one-year period, and the frequency was scaled from 12.57 to 19.45 GHz.
Table 3.3 shows the number of rain fade events, which is representative of
the average activity level for tropical areas. Attenuation levels exceeding 16
dB are observed more frequently than for the CS satellite. The data for
attenuation levels of 20 and 24 dB are unreliable due to the collecting

beacon data system errors.
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Table 3.3: Event number of Thaicom 2 beacon derived for 1 years.

Duration (s) Event number of the attenuation exceeded

1dB 2dB 4dB 6dB 8dB 10 dB 12 dB 16 dB
1 8794 7048 3218 3165 1270 692 581 147
2 4970 4156 1911 1942 842 471 375 84
4 2617 2233 1045 1113 529 302 227 50
6 1827 1551 766 796 405 235 175 43
8 1392 1198 609 622 330 199 154 39
10 1137 977 513 508 294 172 134 38
20 657 541 338 318 213 134 90 32
40 384 337 2217 230 166 110 64 27
60 285 274 190 196 152 98 58 24
80 254 234 176 176 139 87 52 23
100 240 222 167 167 132 84 50 20
200 199 179 137 126 102 63 39 15
400 163 140 118 100 69 40 21 6
600 133 114 98 74 52 29 16 2
800 115 95 83 62 38 19 11 2
1000 99 88 66 49 31 17 9 1
2000 62 55 34 21 11 5 1 0
3000 46 35 24 13 6 3 0 0
4000 37 27 19 6 | 1 0 0
5000 29 21 11 4 1 0 0 0

Figure 3.9(a) shows the trends in fade duration in the Thaicom 2 data.
The average fade duration shown in Figure 3.9(b) is higher than that of the
CS satellite data for attenuation exceedance levels of 2 to 16 dB. The

percentage of time during fade events that had an attenuation exceeding 16

dB is 0.03%.
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Figure 3.9: Fade duration statistic of Thaicom 2 beacon observed at 19.45

GHz. (a) event number of rain fade, (b) total time of rain fade in percentage.

3.2.4.1.3 Thaicom 3 Satellite

The observation period and scaling of the Thaicom 3 satellite data were the
same as for the Thaicom 2 satellite data. Table 3.4 shows clearly that the
number of fade events in tropical areas is much higher than in temperate
areas, observed at an attenuation exceeding 2 dB to avoid any surrounding
interference that can induce into the system where considered at the
attenuation of 1 dB. From Table 3.4 it can be seen that there were more
events exceeding an attenuation of 15 dB in one year in the Thaicom 3 data

than in two years in the CS data.
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Table 3.4: Event number of Thaicom 3 beacon derived for 1 years.

Duration  Event number of the attenuation exceeded

(s)
10 12 16 20 24
1dB 2dB 4dB 6dB 8dB 4B dB dB dB dB
1 19386 13310 6020 3548 2343 1557 1184 678 448 169
2 11008 6870 3377 1938 1303 822 682 382 277 105
-+ 5626 3400 1761 989 676 446 383 202 142 70
6 3708 2261 1169 661 468 304 276 160 102 56
8 2764 1725 872 504 376 256 221 131 72 46
10 2198 1369 716 413 312 217 190 115 66 42
20 1127 724 406 270 200 161 138 95 45 26
40 631 424 259 195 152 130 114 78 33 14
60 469 333 209 168 136 119 101 64 31 12
80 386 296 192 148 125 108 95 60 p7) 9
100 338 258 178 135 114 101 89 31 21 9
200 251 196 137 110 86 82 63 34 18 2
400 190 148 99 74 61 51 40 22 7 1
600 154 122 76 52 42 35 27 13 A 0
800 13F 95 54 38 30 24 19 10 3 0
1000 120 75 42 29 27 19 12 6 I 0
2000 51 24 10 6 3 3 3 I 0 0
3000 28 12 4 3 1 0 0 0 0 0
4000 15 6 1 0 0 0 0 0 0 0
5000 13 3 1 0 0 0 0 0 0 0

Figure 3.10(a) illustrates trends in the fade duration of the Thaicom 3
satellite data. The interpretation of Figure 3.10(b) is the same as for Figure
3.9(b). The percentage of time during fade events that had an attenuation

exceeding 16 dB is 0.1%. This is 10 times higher than the CS satellite data.
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Figure 3.10: Fade duration statistic of Thaicom 3 beacon observed at 19.45

GHz. (a) event number of rain fade, (b) total time of rain fade in percentage.

3.24.2 Fade Slope

Fade slope is defined as the rate of change of attenuation in dB/s. Time
intervals of 1 second were used. The distribution of fade slope shows general
symmetry around zero for positive and negative slopes. Two parameters are
commonly used to express the distribution of the fade slope: the standard
deviation (o) and the skewness (S). Positive skewness represents the
occurrence of convective rain in a tropical area. On the other hand, negative
skewness is evidence of widespread rain or a low rate of change in
attenuation. Fade slope can be calculated with the following equation:
A(i+1)—-A@G-1)

g(i)= 5 (dB/s) (3.5)

where A is the attenuation in dB and 7 is the sample time in seconds.
In this research, we derived the fade slope using the CS, and the

Thaicom 2 and 3 satellite datasets with time intervals of 1 second. To reduce
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noise from ground equipment or other unknown sources, a minimum
attenuation threshold of 2 dB at 19.45 GHz was selected for the calculations.
The observation period for the CS (Thaicom 2 and 3) data was two (one)
years. The Thaicom 2 and 3 satellites were located at a longitude of 78.5 °E
in orbit and used the same receiver station but different polarizations. Figure

3.11 shows a comparison of the attenuations for the Thaicom satellites.

Attenuation (dB)

Attenuation of Thaicom3 beacon (dB)

2006-03-30

2006-03-30

0 200 400 600 800 1000 1200 1400 1600 1800 2000 2200 0 2 4 6 8 10 12 1“4

Second (s) Attenuation of Thaicom2 beacon (dB)
(a) (b)

Figure 3.11: Rain attenuation comparison of Thaicom 2 and 3. (a) sample of

consideration period, (b) scatterplot of attenuation.

3.2.4.2.1 Fade Slope Results

Figure 3.12 shows the estimated probability density function of the fade
slopes of the CS, Thaicom 2 and 3 data. The standard deviation (o;) and
skewness (S) are shown in Table 3.5. Here, if the value of o, is small, the
narrow band of fade slope is happened. It is meant that the rate of change of
attenuation is low as confirming the rain behavior in temperate areas. And it
is shown another rain type in tropical areas where the value of o is large.
From Figure 3.12, there is a low (high) rate of change in the attenuation in

temperate (tropical) areas. To further explore the differences in rain
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attenuation between tropical and temperate areas, the skewness was also
considered. Table 3.5 shows negative S in the CS data, consistent with
widespread rain. The positive S obtained from the Thaicom 2 and 3 data

confirms the high frequency of attenuation events in tropical areas.
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Figure 3.12: Fade slope comparison of Thaicom 2, 3 and CS.

Table 3.5: Parameters describes the rain attenuation behavior derived from
fade slope.

CS Thaicom2 Thaicom3
Standard deviation (o;) 0.09065 0.26721  0.36103
Skewness (S) -0.11783 0.12172  0.09379
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3.2.4.2.2 Comparison between Measured Data and the ITU

Prediction Model

The fade slope probability density function from ITU R. P.1623 [22] is
shown in Eq. (3.6). The fade slope probability distribution depends on
climatic parameters, drop size distribution and type of rain event. Therefore,
in Eq. (3.6) the probability distribution mainly characterize the standard

deviation of slope of rain attenuation.

p(¢]A)= s (dB/s)" (3.6)

EJC(1+(4'/J§)2)

where p(¢ | A) is the probability density of the fade slope, o is the standard
deviation of the conditional fade slope at a given attenuation level and ({ is
the fade slope, which is varied here from —2 to 2 dB/s. The mean value of
this distribution is 0 dB/s (symmetrical around zero).

Figure 3.13 shows the estimates of the fade slope distribution from the
observations, and from Eq. (3.6) using the standard deviations presented in
Table 3.5. The results show that the shapes of the distributions predicted by
Eq. (3.6) are similar to the observations, but underestimate the probabilities.
This suggests the probability density function given in Eq. (3.6) is not

appropriate for modeling the properties of rain attenuation in these regions.
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Figure 3.13: Comparison of fade slope

of Thaicom 2, 3 and CS with ITU

prediction model.

3.2.5 Time Diversity Results
3.2.5.1

Figure 3.14 shows the effectiveness of

Time Diversity with CS Beacon

time diversity as applied to the CS

beacon in the Ka-band at 19.45 GHz. Applying Eq. (3.1), we found that the

diversity gains at 0.01% of time are 1

3, 4.4, 64, 8.8 and 9.9 dB when

following the time diversities of 1, 5, 10, 30 and 60 minutes, respectively.

The diversity gains at 0.1% show 0.5, 1.3, 1.8, 2.6 and 3.1 dB for the same

times and other diversity gains are shown in Table 3.6.
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The gain step of time diversity for the CS beacon in Japan or other
non-tropical zones does not appear to show sudden changes; that is, it tends
to match the rainfall characteristic mentioned above. However, this result
also shows that time diversity trends exceeded 0.01% or 0.1% of the time

probabilities for frequency of 19.45 GHz.
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Figure 3.14: Performance of time diversity of CS beacon with several time

delays.
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Table 3.6: Diversity gain with various cumulative time percentage of CS

beacon.

Diversity gain with time delays
Imin Smin  10min 30 min 60 min

Cumulative time percentage (%)

1 0.12 0.29 0.39 0.56 0.67
0.5 0.19 0.45 0.64 0.94 1.16
0.1 0.5 .25 1.78 2.55 3.06

0.05 0.81 1.93 2.51 348 4.45
0.01 1.30 4.39 6.40 8.75 9.90

3.2.5.2 Time Diversity with Thaicom 2 Beacon

Figure 3.15 depicts the performance of time diversity under tropical region
conditions by (a) the real receiver beacon in terms of Ku-band attenuation at
12.57 GHz, and (b) the beacon attenuation of Thaicom 2 obtained in the Ka-
band at 19.45 GHz. First, the derived diversity gains of Thaicom 2 at 12.57
GHz as shown in Figure 3.15(a) at 0.01% of time are noted as 0.2, 0.9, 1.8,
3.5 and 4.2 dB for the times of 1, 5, 10, 30 and 60 minutes, respectively. In
contrast, the diversity gains at 0.1% of time were noted as 0.2, 0.5, 0.8, 1.9
and 2.7 dB, for the same time delays. However, we found that the rain
attenuation in the Ka-band at 19.45 GHz is actually much stronger than that
experienced in the Ku-band at 12.57 GHz. After frequency scaling up to
19.45 GHz, as shown in Figure 3.15(b), we found that attenuation increased
more than twice the time and the obtained diversity gains are 0.4, 1.8, 3.8,
7.3 and 8.8 dB at 0.01% of time and 0.3, 1.1, 1.8, 4.1 and 5.8 dB at 0.1% of
time with 1, 5, 10, 30 and 60 minutes of time delays. Moreover, the diversity
gains both in Ku-band at 12.57 GHz and Ka-band at 19.45 GHz with various
time percentage are listed in Table 3.7.

More specifically, the diversity gain gap is defined as time diversity

gain difference between each delay time cases, for example, 1 min to 5 min,
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5 min to 10 min and so on. We can observe that diversity gain gap in
Thaicom 2 case is larger than CS case. In other words, time diversity gain in
Thaicom 2 case increases more steeply as delay time increases than CS case.
This may be due to different rain property in tropical and non-tropical
regions. For example, the diversity gain gap between 10 and 30 minutes
shown in Figure 3.15 is larger than any other gap, whether at 12.57 GHz or
19.45 GHz, or even between those observed at 0.01% or 0.1% compared to
the CS beacon. This gap indicates the rain characteristics in the tropical

region that are most likely to occur during convective rain.

——— o time delay

Cumulative Time Percentage (%)
Cumulative Time Percentage (%)

o

Rain Attenuation (dB) Rain Attenuation (d8)
(a) (b)
Figure 3.15: Performance of time diversity of Thaicom 2 for vertical
polarization with several time delays. (a) In Ku-band at frequency 12.57

GHz, (b) In Ka-band at frequency 19.45 GHz.
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Table 3.7: Diversity gain with various cumulative time percentage of

Thaicom 2 beacon.

Diversity gain (dB) with time delays
12.57 GHz 19.45 GHz
1 5 10 30 60 1 5 10 30 60
min min min min min min min min min min
1 0.13 045 0.77 1.31 166 031 1.02 1.73 293 3.72

Cumulative
time
percentage (%)

0.5 0.14 050 080 1.44 214 031 1.13 1.77 3.18 4.5
0.1 0.16 050 082 191 269 034 107 176 4.09 5.79
0.05 031 0.89 138 224 321 064 187 293 476 6.86
0.01 0.17 0.86 1.81 3.46 4.17 037 1.80 3.79 7.31 8.8l

3.2.5.3  Time Diversity with Thaicom 3 Beacon

Using the same simulation as described above, Figure 3.16(a) shows the
curves for each delay times at 12.59 GHz and Figure 3.16(b) shows same
property at 19.45 GHz. Considering the same rainfall rate statistics used for
the Thaicom 2 beacon, we found that the Thaicom 3 beacon experiences
more attenuation due to the difference in signal polarization. It should also
be noted that the diversity gain step of Thaicom 3 beacon is not significantly
different from that of the Thaicom 2 beacon. For example, at 0.01% time at
19.45 GHz as seen in Figure 3.16(b) the diversity gains obtained are 0.8, 2.6,
4.4, 11.8 and 15 dB for the time delays of 1, 5, 10, 30 and 60 minutes, while
at 0.1% the diversity gains are 0.9, 3.5, 6.3, 11.5 and 13.1 dB for the same
delays. However, the rain attenuation and diversity gain at 12.59 GHz are
definitely lower than 19.45 GHz. To clarify the diversity gains of Thaicom 3
beacon both in Ku-band at 12.59 GHz and Ka-band at 19.45 GHz, diversity
gains with various time percentage are listed in Table 3.8.

From the Thaicom 3 results, it can be seen that the diversity gap of 10
to 30 minutes is clearly expressed. This confirms that the behavior of rainfall

in tropical areas occurs as heavy rain over short time periods. Looking at
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Figure 3.16, we can see how the diversity gain improved about 7.4 dB
between a 10-minute time delay and a 30-minute time delay, a passage of 20
minutes, whereas the diversity gain between time delays of 30 minutes and
60 minutes, a change of 30 minutes, is only 3.2 dB when observed at 0.01%
of time at 19.45 GHz. The results indicate that the intensity of the rainfall

declined during the period from 10 minutes to 30 minutes.

10 0

— o time detay

Cumulative Time Percentage (%)
Cumulative Time Percentage (%)

Rain Attenuation (dB) Rain Attenuation (dB)
(a) (b)
Figure 3.16: Performance of time diversity of Thaicom 3 vertical
polarization with several time delays. (a) In Ku-band at frequency 12.59

GHz, (b) In Ka-band at frequency 19.45 GHz.

Table 3.8: Diversity gain with various cumulative time percentage of

Thaicom 3 beacon.

Cumulative Diversity gain (dB) with time delays
time 12.59 GHz 19.45 GHz

percentage 1 5 10 30 60 1 5 10 30 60
(%) min min min min min min min min  min min

| 0.11 020 029 047 0.62 022 043 0.64 1.05 1.4

0.5 024 062 088 134 152 054 138 196 3.00 341
0.1 044 168 296 537 6.1 091 354 626 1151 13.12
0.05 035 121 250 576 6.97 0.72 250 520 12.19 14.83
0.01 038 127 212 57 7.6 0.77 2.60 435 11.84 14.96
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3.2.54  Summary of Diversity Gain

We summarized all diversity gains for each time delay observed at 0.1%.
Due to the brevity of the observation period, 0.1% was deemed more
suitable than 0.01%, as shown in Figure 3.17. The results show the time
diversity gain step increasing when delays from 1 minute to 60 minutes are
applied. The interesting point here is considered to be the slope between 10
and 30 minutes, where it can be seen that the slope of the Thaicom 2 and 3
beacon is steeper than the CS beacon due to rain behavior between tropical

and temperate areas are totally difference.

14
—=— CS

12 { | —¢— TC2 @ 19.45 GHz
—8— TC3 @ 19.45 GHz

Diversity gain (dB)

30 40 50 60
Time delay (min)
Figure 3.17: Diversity gain observed at 0.1% of cumulative time percentage
against time delays. TC2 and TC3 results represent the diversity gain of Figs
8(b) and 9(b) at 19.45 GHz.
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3.3 Time Diversity Method Applied with Rain Radar

Data

3.3.1 Data Analysis

This study used rain radar and AMeDAS data from across Japan produced
by the Japan Meteorological Agency. The rain radar data are available in a
2560 x 3360 grid with a mesh size of approximately 1 km x 1 km, and at 5
min intervals. However, to cover mainland Japan and the southwestern
islands, it was sufficient to extract 1481 x 1921 and 801 x 961 grids,
respectively. As regards 5 min interval, shorter interval such as 1 min is
preferable because very large attenuation normally change quite rapidly.
However, at present time 5 min is the shortest time interval for all over high
density 1 km x 1 km rain map. The rainfall intensity can be determined
using a combination of radar echoes and surface rain gauge data. Therefore,
the Japan Meteorological Agency measures the precipitation at
approximately 1300 ground stations in addition to radar observation points
across Japan. The flow of analysis is shown in Figure 3.18. This study
considered data spanning four years from July 2009 to June 2013. We
applied time diversity with five time delays of 10, 20, 30, 60, and 120 min.
Furthermore, we selected 23 observation points, 15 points on the mainland
and 8 points on the southwestern islands of Japan, as shown in Figure 3.19.
To evaluate the time diversity effect and predict the time diversity gain, the
behavior of the rainfall and the rain intensity at each observation point
across Japan were obtained and considered. Moreover, the analysis
highlights different diversity gains for similar rain rate statistics in different

sites arguably due to the different characteristics of rain and it leads to find
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the importance of new parameter such as time correlation property of rainfall

rate time series.

Original rain radar coverage
Size 2560 x 3360 grid
Mesh size 1km x 1km

5 min intervals, 4 years

Extracted Japan areas
Mainland size : 1481 x 1921 grid
Southwestern island size : 801 x 961 grid

! | }

No time delay Time delay t; min ; Time delay t, min
Histogram (4 years) Selected 23 places
Time percentage of Derived rain rate diversity : :
e A . : Derived time
rain intensity map for gains at all places for time i
0.1% or 0.01% percentage of 0.1% or 0.01% Ve

Figure 3.18: Simulation analysis flow.
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Figure 3.19: 23 observation points on (a) mainland and (b) southwestern

islands of Japan.

3.3.2 Simulation Results

3.3.2.1 Estimated Rain Distribution across Japan

In this section, we derive the rain intensity with respect to the cumulative
time percentage (P), as outlined in the International Telecommunication
Union (ITU) recommendation (ITU R. P618-12), and the related link
performance. A cumulative time percentage is derived as total time included
rainy and dry season over Japan with no time delay was used, and the results
are shown in Figure 3.20. The value of 0.01% is appropriate, especially for
link calculations for the C band (6/4 GHz) because this band is less affected
by rain attenuation; however, a value of 0.01% indicates 99.99% service
availability each year. In the same way, for higher-frequency bands, such as
the Ku, Ka, and Q/V bands, a cumulative time percentage of 0.1% is
suitable, rather than 0.01%, because the rain attenuation more significantly

affects higher-frequency bands than lower-frequency bands. The rain
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intensity results for a cumulative time of 0.1%, or 99.9% service availability,
are shown in Figure 3.20 using the same color scale as in Figure 3.21, for a
cumulative time percentage of 0.01%. These figures provide complete
coverage for all of Japan. The results show that high rain intensity appeared
in the south and along the east coast of Japan for cumulative times of both

0.01% and 0.1%.
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Figure 3.20: Four-year cumulative distribution of rain intensity for P =
0.01% with no time diversity for (a) mainland and (b) southwestern islands

of Japan.
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Figure 3.21: Four-year cumulative distribution of rain intensity for P = 0.1%
with no time diversity for (a) mainland and (b) southwestern islands of

Japan.

Furthermore, a time diversity simulation was conducted in which
information was transmitted twice with time delays of 10 and 120 min. It is
noted that the suitable time delays should be greater than the median

duration of rain attenuation [23], Dy which is given by:

l)ﬂ :80¢—0.4.f|.4A—U.39 (3.7)

where Dy is in seconds, ¢ is the elevation angle in degree, f'is the frequency
in GHz and A is the attenuation in dB.

In this analysis, we used appropriate time delays from 10 to 120 min.
The effective rainfall rate time series in which time diversity is applied can
be obtained by selecting the smaller rainfall rate between the original and the
delayed time series. Figure 3.22 shows the four-year cumulative distribution

of rain intensity for P = 0.01% and a time delay of 10 min. It can be seen
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that the intensity is significantly reduced compared to that in Figure 3.20.
Thus, most severe rain intensity phenomena are eliminated when the time
diversity method is applied with a short time delay, and a large diversity
gain can be expected at each location. This technique can avoid incomplete
or missing data during rain events and, as previously mentioned, it is not
necessary to make changes to either the satellites or their power supplies.
Thus, the time diversity method may reduce operating costs in comparison
with other methods.
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Figure 3.22: Four-year cumulative distribution of rain intensity for P =
0.01% with a time diversity of 10 min for (a) mainland and (b) southwestern

islands of Japan.

3.3.2.2 Performance Evaluation

The performance of the time diversity technique was evaluated for all
of the grid locations considered in this study. Figure. 3.23 show scatter plots
of the diversity gain versus the rainfall rate for time delays of 10 and 120

min, respectively. The color of each point indicates the number of locations,
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N, corresponding to that point, and the straight line is the limitation curve for
the time diversity gain assuming no correlation between rainfall time series
with time delay. The black points, which correspond to more than 1000
locations, are seen to fall close to a straight line, and the slope of this line
increases with increasing time delay, approaching the limitation curve for a
delay of 120 min. This indicates that the rain attenuation effect decreases

with increasing time delay.
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Figure 3.23: Diversity gain vs. rainfall rate for P = 0.01% with a time

diversity of (a) 10 min and (b) 120 min.

When considering the design of satellites for the Ka band and higher-
frequency bands, the cumulative rainfall occurrence rate by location is a
significant factor. Figure 3.24 shows the cumulative rainfall occurrence rate
for a total of 729,700 locations determined using different time delays and P
= 0.01%. The vertical axis represents the percentage of locations in Japan
that received a given rainfall rate, which can be statistically determined from

all scenes for 4 years. Here, we consider a cumulative rate of 50% in order to
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allow comparison between the different time delays. In the absence of time
diversity, the rainfall rate is approximately 45 mm/h. When time diversity is
adopted, the rainfall rates for time delays of 10 and 120 min are 24 and 13
mm/h, respectively, corresponding to diversity gains of 21 and 32 mm/h,

respectively. Thus, the diversity gain increases with increasing time delay.

100 .0
— no time delay
—_ —¥— 10 min
§_\i 80 - —2— 20 min
n —*— 30 min
g 60 min
= 120 min
© _
o 60
o
>—
(@)
o
o 40 A
S
c
()]
5
o 20 A
0 20 40 60 80 100

Rainfall rate (mm/h)
Figure 3.24: Cumulative rainfall occurrence rate by location for P = 0.01%

and various time delays.

3.3.2.3  Rain Rate Diversity Gain

Data from 23 observation points across Japan were separately collected at 15
points on the mainland and 8 points in the southwest islands. The cumulative

distribution of the rainfall rate over four years indicates the differences in
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rainfall rates from place to place. Among these 23 points, Owase is the
highest rainfall rate as shown in Table 3.9 and its cumulative distribution is
shown in Figure 3.25. The average rainfall rate was approximately 78 and
39.1 mm/h for cumulative time percentages of 0.01% and 0.1%,
respectively. The diversity gains for different time delays were derived from
the results in Figure 3.26(a). For a cumulative time percentage of 0.01%, the
diversity gains for time delays of 10, 20, 30, 60, and 120 min were 29.5,
33.3, 35.8, 48.8, and 42.2 mm/h, respectively. For a cumulative time
percentage of 0.1%, the average rainfall rate was 39.1 mm/h, and the
diversity gains were 13.1, 15.4, 16.3, 18, and 19.9 mm/h for time delays of
10, 20, 30, 60, and 120 min, respectively.

To transform the rainfall rate into rain attenuation [24]-[30], ITU-R
recommendation P.618-12 is followed using a frequency of 22 GHz (the
highest frequency in the 21.4-22 GHz band which is allocated next satellite
broadcasting in ITU region 1 and 3). The rainfall rate exceeded at 0.01% of
the time is used for predicting the rain attenuation value. Additionally, each
sites parameters such as location, rainfall rate, elevation angle and so on are
used to calculate for satellite orbit at 145° E longitude with the circular
polarization to evaluate the effect of rain attenuation using the following
equation.

The specific rain attenuation, Y (dB/km) is given by:

7e =k(Roo)’ (3.8)

where k and a are frequency-dependent coefficients given by ITU-R
recommendation P.838-3 [31]. Ry, 1s the rain rate exceeded at 0.01% of

time.
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The prediction attenuation exceeded for 0.01% of an average year is

obtained from:

Ayo1 = VrLsT01Vo01 (3.9)

where rg; 1s the horizontal reduction factor, vg; 1s the vertical adjustment
factor and L, is the slant-path length which is calculated the rain height from
ITU-R recommendation P.839-4 [32].

The estimated attenuation to be exceeded for other percentages of an average
year, in the range 0.001% to 5%, is determined from the attenuation to be

exceeded for 0.01% for an average year:

P ~(0.655+0.0331n( p)-0.0451n( Ay, )-A(1-p)sin0)
Ap = Ao (0.01) (3.10)
where
0 p21%
H= ~0.005(|¢|-36) :p<1%

where A, is the attenuation for different cumulative time percentages for an
average year as a function of Agg; and the cumulative percentage of total
time of concern p. We applied this equation to each of the 23 observation
points across Japan as shown in Table 3.9.

Figure 3.26(b) shows the comparison of rainfall rate transformed to
rain attenuation between ITU and Capsoni parameters [23]. Capsoni
proposed the transformation rainfall rate to specific attenuation at the
frequency of interest through the exponential relation » =kR" and their
parameter is k=0.0701, a=1.0730 at 20 GHz. The comparison results at 20
GHz show that ITU and Capsoni parameters are appropriately used in the

rain attenuation transformation due to the values is insignificantly different.
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Figure 3.25: Cumulative time percentage of rainfall rate over four years at

Owase for various time delays.

o time detay — Owase - TU
J‘ o 10 min Owase - Capsonis parameters
‘[ ———s  Zmin = Tokyo - MU

0AR = e T e e | m—— 30 min 10 4 Tokyo - Capsond's parameters
B0 min
120 min

Percentage of time (%)
Percentage of time (%)

0 . - — o - . = = ;
0 10 20 a0 @ 0 5 10 15 » 2 30
Rain attenuation (dB) Rain attenuation (dB)

(a) (b)

Figure 3.26: Cumulative time percentage versus rain attenuation for (a) rain

attenuation in Owase with time delays at 22 GHz and (b) comparison of ITU

and Capsoni’s parameters in Owase and Tokyo at 20 GHz.
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Table 3.9: Rainfall rate and rain attenuation at 22 GHz of 23 observation

points of 0.01% and 0.1% of time.

Dlacs P=0.1% P=0.01%
o Place name Rainfall Attenuation Rainfall Attenuation
' rate (mm/h) (dB) rate (mm/h) (dB)
ML-1 Wakkankai 10.8 6.65 31 19.77
ML-2 Sapporo 11.8 6.58 29.9 19.41
ML-3 Aomori 11.4 6.51 28.6 19.01
ML-4 Sendai 154 7.56 34.1 21.48
ML-5 Niigata 17.1 8.82 42 24.64
ML-6 Matsue 21.2 11.33 56.9 30.46
ML-7 Tokyo 20.4 10.8 54.9 29.23
ML-8 Matsumoto 14.1 9.04 42,2 24.95
ML-9 Shizuoka 27.3 11.85 62.1 31.64
ML-10 Osaka 20.5 11.23 56.2 30.09
ML-11 Owase 39.1 13.94 78 36.45
ML-12 Kochi 29 12.47 64 32.84
ML-13 Fukuoka 25 12.99 67 34.09
ML-14 Kumamoto 27 13:7 71.9 35.58
ML-15 Kagoshima 28.5 12.96 64.4 33.57
SW-1  Suwanosejima 243 10.26 56.5 29.26
SW-2 Amami 18.4 8.06 39.2 23.4
SW-3 Nago 22.8 8.95 443 25.51
Sw-4 Naha 23 9.61 49 27.19
SW-5 Hirara 18.5 8.15 37.2 23.24
SW-6 Taketomi 22 9.2 43.6 25.86
sw.7  Theoffingof 23.7 11.03 56 30.29
Taiwan
SW-8 Yonaguni 19 8.13 36.2 23,13

From Figure 3.27, we show the diversity gain obtained from Eq. (3.1)
for a cumulative time percentage of 0.1%; the rain attenuation are given in
Figure 3.26(a) using Owase as an example. The power law relationship as
described in the ITU-R recommendation P.838-3 [31] is used as the

prediction method and is given

G,=aR’ (3.11)
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where Gy is the diversity gain (dB), R (mm/h) is the rainfall rate, & and f are
frequency and time delay dependent coefficients that can be derived using
the linear least squares fitting method after transformed Eq. (3.11) into

logarithm scale. Table 3.10 gives the combinations of « and £ for each time

delay.
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Figure 3.27: Diversity gain versus rain attenuation for 23 observation points

in Japan for P = 0.1% with various time delays at 22 GHz.
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Table 3.10: Frequency-dependent coefficients of time delays for P = 0.1% at

22 GHz.
P:0.1% 0 p
10 min 0.585 0.739
20 min 0.646 0.784
30 min 0.653 0.820
60 min 0.674 0.863
120 min 0.746 0.869

Figure 3.28 shows the comparison of the predicted diversity gain
[33]-[35] between Matricciani’s model derived for Spino, Italy [1] and our
proposed model derived for Japan determined from the frequency-dependent
coefficients of time delays in Table 3.10 and from Eq. (3.11). The results in
Figure 3.28(a) and (b) show that Matricciani’s model overestimates and it
gives more error than our proposed model, for example at 10 min delay
prediction, Matricciani’s model error is 0.894 but our proposed model error
is 0.256 and other quantitative errors are shown in Table 3.11. Additionally,
this prediction method can be adopted for use across Japan depending on the
occurrence of rainfall or rain attenuation in each area, in order to determine

appropriate time delays.

78



Chapter 3. Time Diversity Method

®  Cosened

12 — Proposed 124
Matnecian's model

Diversity gain (dB)
Diversity gain (dB)

Rain attenuation (dB) Rain attenuation (dB)
(a) (b)

Figure 3.28: Comparison prediction of time diversity gain between our
proposed and Matricciani models for P = 0.1% for (a) 10 min, proposed
model used o = 0.585 and B = 0.739, and (b) 120 min, proposed model used
a=0.746 and 3 = 0.869.

Table 3.11: Prediction errors comparison.

Models . . RMS.E . .
10 min 20 min 30 min 60 min 120 min

Proposed 0.256 0.438 0.517 0.698 0.734

Matricciani  0.894 1.818 2.107 1.974 1.474

3.3.3 Time Diversity Gain Prediction Model

The previous section only considered the predicted time diversity gain [36]-
[38] determined from the cumulative distribution of the rainfall rate or rain
attenuation for P = 0.01% and 0.1%. However, we found that for a time
delay of 120 min, the cumulative distribution graphs differed for some
regions that had the same average cumulative rainfall rates, as shown in

Figure 3.29.

Figure 3.29 shows the results for no time delay, a 120 min time delay,
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and the probability maximum gain. The maximum gain was determined

from the probability of the cumulative distribution of the real rainfall rate,

which is given by

B.[%] =[}7 [ °]}<[Pz[°/ 0]]x100% (3.12)

100 100

where Pris the probability with maximum diversity gain, P; is the measured
cumulative distribution of the rainfall rate, and P, assuming the same value

of P, as the probability distribution function for gain compensation.

Matsumoto Niigata

na lime delay | — notime delay
\ === 1Xmin = === 120min
\ .
\

probability maximum gain 10 4 probability maximum gan

Percentage of time (%
Percentage of time (%)
v

01 \ e 01 X T,

Rainfall rate (mm/h) Rainfall rate (mm/h)

(a) (b)
Figure 3.29: Cumulative time percentage versus rainfall rate for no time
delay, a time delay of 120 min, and the probability maximum gain at (a)

Matsumoto and (b) Niigata.

As shown in Figure 3.29, the curves for the 120 min delay for
Matsumoto and Niigata differ from each other. The solid line is the
cumulative distribution of the rainfall rate over four years, the dashed line

includes a 120 min time delay, and the dotted line is the probability
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maximum gain determined from Eq. (3.12). These two locations are
considered because they have very similar rainfall rates for the same
cumulative time percentages; for cumulative time percentages of 0.01% and
0.1%, the rainfall rates are approximately 42 and 15—-17 mm/h, respectively,
at both Matsumoto and Niigata. According to this, the curves should be
approximately equivalent, but they are in fact different. Therefore, we
conclude that the diversity gain may not depend only on the cumulative
distribution of the rainfall rate; there are likely additional parameters
involved that must be considered to obtain the most accurate prediction of
the diversity gain. We suspect that G; may be approximated as in the

following equations:

G,=f(R.p) (3.13)

where Gy is the diversity gain, R is the rainfall rate and p is the time

correlation coefficient of rainfall rate at each location.

3.4 Summary of Chapter 3

A time diversity method is proposed as an alternative method for mitigate
rain attenuation effects in future satellite communications systems using the
Ka band or higher-frequency bands. Such systems will aim to provide
support beyond ground information technologies, such as super hi-vision
television, next-generation compression technology, and new modulation
techniques. This proposed method used the receiver beacons of Thaicom 2
and 3 in Bangkok, Thailand as the representative for tropical zone time

diversity estimations and the CS receiver beacon in Kashima, Japan for non-
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tropical zone estimations. Moreover, also used rain radar data over Japan
with AMeDAS data spanning four years.

Time diversity is applied with all beacon data to confirm the
efficiency of this method. From the simulation results, it can be seen
diversity gain increases depend on the increasing time delays. Those time
delays can also be linked to the rainfall rate occurring at those times.
Nevertheless, this chapter provides a straightforward overview of the
performance of time diversity in the Ku- and Ka-bands for the tropical
region of Bangkok, Thailand, which means the results can reasonably be
considered representative of tropical regions. Finally, we note that the large
difference of rain attenuation between vertical and horizontal polarization of
Thaicom 2 and 3 measured at Bangkok is observed. Then, it is also
suggested that in tropical region such as Bangkok polarization diversity is
effective in both cases with and without time diversity.

Fade durations were calculated for attenuation exceedance thresholds
of 1,2,4,6,8, 10, 12, 16, 20 and 24 dB. Attenuation exceeding 16 dB was
assumed to correspond to serious signal degradation in the Ka-band. The
results showed that attenuation above 16 dB in tropical regions accounted
for between 0.03% and 0.1% of the total rainy time, compared with 0.01% in
temperate regions. This suggests rain attenuation has a greater impact, in
terms of both the attenuation level and duration, in tropical regions.

Fade slope provides a good measure of rain attenuation in both
regions, and can be expressed in terms of its standard deviation and
skewness. The standard deviation of fade slope represents the speed of
change of attenuation. From the estimated standard deviation and skewness,
rain in the temperate region is widespread and characterized by a slow rate

of change, while in the tropics it is convective and has a high rate of change.
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Thus, it is found apparent difference of dynamic property of rain attenuation
between temperate and tropical regions.

The cumulative distribution of the rain radar data was determined with
respect to the rainfall rate in units of millimeters per hour and was also
converted to rain attenuation following ITU recommendation P.618-12,
based on parameters at 22 GHz. Furthermore, a time diversity gain
prediction method was also proposed, which also uses the cumulative
distribution of the rain attenuation. However, from our data analysis, the
diversity gain does not depend only on the rainfall rate statistics; there are
additional parameters that influence it. One such parameter we suspected is
the time correlation coefficient of rainfall. To confirm our hypothesis and
obtain greater accuracy, we plan to use a larger number of observation points
in Japan and more precisely consider the time correlation coefficient; this
will be addressed in subsequent studies. Moreover, the time diversity
method that includes the time diversity gain prediction can be adopted for
use in any location by using local rainfall rate statistics and can also be

applied to any frequency band.
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Chapter 4
Adaptive Satellite Power Control
Method

4.1 Concept and System Configuration

Regarding satellite communication in higher frequency bands [1][2], such as
the Ku- and Ka-bands, rainfall has a much greater effect on satellite
propagation paths, both from the gateway to the satellite and from the
satellite to the users. For this reason, adaptive satellite power control [3]
using power boost beams is proposed to maintain the satellite potential, as
shown in Figure 4.1. The boost beam can be used in areas that experience
difficulties from rain attenuation. In this method, precipitation is observed
and predicted several hours before rainfall occurs in a given area using
changes in the rain radar pattern. This information is also shared with all
involved. If the rainfall rate reaches a point at which communication
becomes unreliable, gateways or base stations take command of the satellite
to increase the power in the affected areas. The power boost is varied in real

time according to the effect of the current rainfall.
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For areas in Japan, the designed boost beam sizes are 50, 100, 150,
and 200 km (effective areas on ground). Because these boost beam sizes
correspond to the diameters of the antennas in the 22 GHz band [4], the
antenna size range was calculated between 2 to 10 m which can cover our
beam sizes proposed.

In this study, a phased array antenna is considered because it can
make several boost beams within wide beam by controlling the phase of the
signal emitted from each radiating element as proposed in reference [5]. In
preliminary analysis, we used one to four beams because in Japan, the
probability that the number of simultaneous peaks in the rainfall rate or
impacted areas exceeds this number is small. Therefore, one to four beams
are sufficient to compensate for rain attenuation in Japan. However, if rain
occurs over a wide area, we also use four different beam sizes as appropriate
for such areas. In this simulation, the position of the local maximum rainfall
rate in Japan is determined, and the boost beam center is then set to be
located at the peak rainfall rate position. The boost areas are assumed to be
square regions with side lengths equal to the beam sizes, i.e., 50 km x 50
km, 100 km x 100 km, 150 km x 150 km, and 200 km x 200 km. When
more than one beam is used, the next peak rainfall rate is continuously
searched for. As mentioned above, it is assumed that there are no
simultaneously impacted areas, and thus we set our simulation to not allow
the overlapping of boost areas because we do not want to waste boost power.
To prevent beam collision, this system setup includes a guarded area, which
is a square region with sides half the beam size in which the subsequent
beam center cannot be positioned. The next peak rainfall rate is then

searched outside the guarded area
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Figure 4.1: Attenuation mitigation using boost beam concept.

4.2 Rain Rate Observation and Simulation Parameters

The boost beam simulations in this study were performed using rain radar
data collected throughout Japan by the Japan Meteorological Agency (JMA).
Rain radar data are collected at time intervals of 5 min and at the mesh
points of a grid of approximately 1 km that covers the whole of Japan.
However, the main areas of Japan are covered by 1481 x 1921 matrices,
excluding the southern island, the data of which are extracted from original
JMA 2560 x 3360 matrices of radar coverage. The rainfall intensity was
derived from radar precipitation maps, and the data were calibrated using
surface rain gauge observation data from over 1,300 stations throughout

Japan. The data used in this study were collected over four years starting in
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July 2009. Basically. the overall image of the rainfall for all considered data

is derived using a cumulative distribution function. This procedure is shown

in Figure 4.2. The parameters used for the simulation were as follows.

Rain radar data collection period: July 2009 to June 2013
Boost beam sizes: 50, 100, 150, and 200 km

Boost beam numbers: 1, 2, 3, and 4

Boost amount (fixed): 20 mm/h

Boost point searching: Local maximum rain intensity

(Boost beam overlap was not allowed.)

To indicate the number of beams and their size in each case

considered in this study. “case n-m” is hereafter used to refer to a case with n

boost beams and a beam size given by m, where 1, 2, 3, and 4 correspond to

beam sizes of 50, 100, 150, and 200 km, respectively.
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Figure 4.2: Analysis flow.
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4.3 Simulation Results

4.3.1 Boost Beam Efficiency

ITU-R recommendation P.618-12 concerns rainfall rate values at cumulative
time percentages (P) of 0.1% and 0.01%. which correspond to 99.9% and
99.99% service availability throughout the year, respectively. On the other
hand, the cumulative time percentages of 0.1% and 0.01% means acceptance
agreement of the outage times between satellite regulator and satellite
operator for the effective usage. For instance, P = 0.1% equal to 525.6
minutes and P = 0.01% equal to 52.56 minutes outage times throughout the
year, respectively. Moreover, rainfall rate at » = 0.01% has been used to
calculate link budget for C-band and Ku-band, but due to much more rain
attenuation impacts in Ka-band, rainfall rate at P = 0.1% is also useful value.
In this paper. we proposed both consideration on rainfall rate values at 0.1%
and 0.01%. Figure 4.3 shows the rain intensity derived from rain radar data
collected throughout Japan over four years at intervals of 5 min.

The rainfall rate data derived from the radar data available in Japan at
5-min intervals contains some areas that cannot be observed because of radar
wave obstructions, such as mountainous areas; however, the data for these

areas are not used in this analysis.
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Figure 4.3: Rain intensity for cumulative time percentage of (a) 0.01% and
(b) 0.1%

Figure 4.3 illustrates the observed rain intensity within the border that
represents the coverage of mainland Japan, which has been calibrated except
over the ocean. The color scale represents different rainfall rate levels; red.,
yellow, green, blue, and cyan correspond to regions where rainfall rates were
equal to or exceeded 60, 50, 40, 30 and 10 mm/h, respectively. These
divisions were adopted based on the fact that the largest rain intensity (=60
mm/h), which most commonly occurred in the south and along the east coast
of Japan, was observed only for P = 0.01% and that rainfall rates under 30
mm/’h covered almost the entirety of Japan for P = 0.1%. Moreover, the
rainfall rates that occurred in the northern areas were quite small: 1040
mm/’h for P = 0.01%, and 0—-10 mm/h for P = 0.1%. In addition, no rainfall
occurred in some areas. As a result, the north of Japan has suffered little
from rain attenuation, and there is likely no need for power boosting in these

areas.
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Figure 4.4: Rain intensity for case 1-1 with cumulative time percentage of
(a) 0.01% and (b) 0.1%

In this study. the effective rain intensity was evaluated with a constant
boost beam of 20 mm/h. A power backup for reduce the rainfall rate effects
up to 20 mm/h is sufficient and may be used for the adaptive power control
method in areas of Japan. Examples of all boost beam simulation results of
are shown in Figures 4.4 and 4.5. These results illustrate the reduction in the
rain intensity in the maximum (case 4-4) and minimum (case 1-1) boost
cases, as explained below. The maximum case, shown in Figure 4.5, used
four beams with a boost beam diameter of 200 km; as explained in Section
4.1, this is referred to as case 4-4. Conversely, the minimum case. shown in
Figure 4.4, used one beam with a boost beam diameter of 50 km; this is
referred to as case 1-1. Both cases also show the effective rainfall rates for
cumulative time percentages of 0.01% and 0.1% considering the importance

of the satellite link design.
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Figure 4.5: Rain intensity for case 4-4 with cumulative time percentage of
(a) 0.01% and (b) 0.1%

To describe the situation in greater detail, case 1-1 is represented by a
boost area equivalent to 1 x 50 km x 50 km = 2500 km?. Additionally, case
4-4 1s represented by a total boost area equivalent to 4 x 200 km x 200 km =
160,000 km?, which means that the total boost area in case 4-4 is
approximately 64 times larger than that of case 1-1. These effective rain
intensity features indicate that the effect of rain attenuation is reduced by the
decrease in the rain intensity, particularly in areas that experience severe rain
and nearby areas.

There are some cases which have the same effective areas such as 1-4
and 4-2 cases which have 40,000 km?. Figure 4.6 shows rain intensity both
cases 1-4 (a) and 4-2 (b) only for cumulative time percentage of 0.01% to
consider the reduction of rain intensity, it is shown that the reduction of rain

intensity of case 4-2 is clearly improved than case 1-4.
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Figure 4.6: Rain intensity for cumulative time percentage of 0.01% with (a)

case 1-4 and (b) case 4-2

4.3.2 Effective Rainfall Rate Reduction Factor throughout

Japan

The effective rainfall rate reduction factor (ERF) is expressed as the
difference between the effective rainfall rate in the case where no power
boost is applied and that in each case where a boost is applied in cumulative
distribution. The ERFs throughout Japan are shown in Figures 4.7 - 4.10
with respect to the rainfall rate without a boost (mm/h). The scatterplots
were obtained in all places for cases 1-1 (minimum), 4-4 (maximum), 1-4
and 4-2 (same effective areas). These figures show the density of places as a
histogram with different colors representing the number of places at which
the ERF is equal to a given value. Specifically, black, red, green, and cyan
represent cases in which the number of places is at least 1000, 500, 100, and
1 places, respectively. The slope of the black data points indicates the
significant increase in the ERF. In case 4-4, this slope is the highest in

comparison with other cases; this means that most areas are boosted.
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Conversely. most places receiving a boost in case 1-1 have maximum ERFs
of approximately 4 mm/h because in the majority of the areas experiencing
rainfall at a rate of 30-60 mm/h, the signal reception is not corrected when
one boost beam is applied. This is because the boost beam prioritizes the
areas with a maximum rainfall rate of nearly 100 mm/h. For deeper
consideration, this scatterplot is limited by the provided boost amount, and
for the value of 20 mm/h used in this paper, there are no boosted places that
can achieve a gain exceeding 20 mm/h. Furthermore, the observation results
shown in Figures 4.7 - 4.10 indicate that the degree of improvement of the
ERF in most places is better following the increase in the boost area. The
ERFs in all other boost cases considered in this study (cases 1-2 to 4-3) are

similarly improved.
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Figure 4.7: ERFs in case 1-1 for a constant boost beam of 20 mm/h at a

cumulative time percentage of 0.01%.
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Figure 4.8: ERFs in case 4-4 for a constant boost beam of 20 mm/h at a

cumulative time percentage of 0.01%.
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cumulative time percentage of 0.01%.
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Figure 4.10: ERFs in case 4-2 for a constant boost beam of 20 mm/h at a

cumulative time percentage of 0.01%.

However, Figures 4.9 and 4.10 show the scatterplots of ERF versus
rainfall rate for cases 1-4 and 4-2 those have the same effective areas. The
slope of the most boosted areas in case 4-2 is higher than case 1-4. It is

evidence that case 4-2 can reduce the effect of rain more than case 1-4.

4.3.3 ERF and Boost Parameters

Using the ERF results described in the previous section, Figures 4.11 and
4.12 summarize the place dependence of the observed effective rain rate for
approximately 729,700 places located throughout Japan using a cumulative
place percentage. These results show the place percentage with respect to the
effective rainfall rate at a cumulative time percentage of 0.01%. Figure 4.11

shows the results obtained using one boost beam for each considered boost
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beam size (cases 1-1, 1-2, 1-3, and 1-4). and Figure 4.12 shows the results
obtained using four boost beams for each considered beam size (cases 4-1.
4-2, 4-3 and 4-4). In the cases using one beam, the trends were somewhat
improved in comparison with the case where no boost was applied. In the
same manner, in the cases using four beams, a clear improvement was
observed.

Figure 4.13 shows the boost gain with respect to the effective area in
each boost case at cumulative time percentages of 0.01% and 0.1%; these
data were collected for a cumulative place percentage of 50%. The ERFs
ranged from approximately 2 to 10 mm/h in each boost area analyzed under
a constant boost power of 20 mm/h. For example, the maximum ERF in case
4-4 was 9.47 mm/h, whereas the minimum ERF in case 1-1 was
approximately 1.46 mm/h, both of these cases correspond to a cumulative
time of 0.01%.

These results demonstrate that cases 1-4 and 4-2 have the same boost
areas but different boost gains [6]. Case 1-4 has a ERF of approximately
4.04 mm/h, and case 4-2 has ERF of approximately 7 mm/h for the same
effective area of 40,000 km?. This difference in boost gain indicates that the
performance of boost beams is more effective when more boost beams are
used than when a larger beam size is used. This is due to that the dispersion
of rainfall rates in larger boost beam is much bigger than that in smaller

boost beam.
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Figure 4.13: EFRs for cumulative time percentages of (a) 0.01% and (b)
0.1%

4.4 Summary of Chapter 4

In this Chapter, rain radar data were used to evaluate the performance of
adaptive satellite power control for use in future satellite communication.
Customized for areas of Japan using the Ka-band and higher frequency
bands, the proposed boost beam method was designed to use up to four
antennas of different beam sizes to ensure the coverage of areas severely
affected by rain. Furthermore, we used a fixed boost value of 20 mm/h,
because the maximum rain intensity at a cumulative time percentage of
0.01% is relatively low in Japan compared with that in the tropical region.
The boost beam simulation results are useful in the prediction of the
power compensation required to reinstate functioning communication
capabilities in areas experiencing severe rainfall. For each boost case
considered in this study, varying the number of beams and the beam size, the
cumulative distributions of the rain intensity for cumulative time percentages

of 0.1% and 0.01% were observed following the ITU recommendation.
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Scatterplots of the ERF results revealed largely boosted areas can be
increased by increasing number and size of beams. Finally, dependence of
the boost beam design on the target topography and climate was
investigated.

In addition, the boost beam method can be used to improve satellite
communication services not only in the case of rain attenuation but also in
areas struck by natural disasters [7] to maintain the area’s satellite
connection to other areas in order to ask for help or to boost power to

congested areas that require more power.
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Chapter 5
Site Diversity Improvement

Derived by Rain Gauge Network in
Thailand

5.1 Overview

The site diversity concept [1]-[6] is to provide more stations in order to
sustain communications with satellite and users when the main station is
degraded by rain attenuation, especially in high-frequency bands. The
distance between the main site and the diversity site is set as short as possible
to reduce unnecessary connection costs. As observed in Thailand, when rain
falls on both the main station and the diversity site in the receiving Ku-band,
all contents are lost. It is evident that the diversity site is not placed in the
appropriate areas to fully avoid the rain attenuation effects. To improve this
problem, rain spatial correlation [7]-[9] will become a more significant factor

to evaluate rainfall correlation behaviors, such as rainfall rate, distance and
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direction dependences. This information can be derived from the

precipitation data in each area.

5.2 Rain Gauge Network

This section analyzes the rain gauge network data provided by the Thai
Meteorological Department. We selected 12 sites of rain gauges around the
center of Bangkok, Thailand, as shown in Figure 5.1. The observed area
covered the main and the diversity sites of the satellite operators of Thailand
as well. The rain gauge data were available at intervals of every 3 hours. The
data considered were the span of four years from 2010 to 2013. Table 5.1
shows the station names and locations of the installed rain gauges. These
stations were selected to represent the rain behavior in the center of Thailand
by evaluating the spatial correlation between each combination. The total

number of combinations was 66.
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Figure 5.1: Map of locations of rain gauges.
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Table 5.1: Site specifications of rain gauges.

Station name Location (Lat,Long)

1. Donmuang Airport, Bangkok 1392 N, 100.61 E
2. Bang Na, Bangkok 13.67 N, 100.62 E
3. Bangkok 13.73 N, 100.56 E
4. Chachoengsao 13.52N, 10146 E
5. Suvarnabhumi Airport, Samut Prakan 13.69 N, 100.77 E
6. Nakhon Pathom 14.02N, 9997 E

7. Pathum Thani 14.10 N, 100.62 E
8. Ratchaburi 13.49N,99.79 E

9. Prachin Buri 14.05N, 101.37E
10. Chon Buri 13.37 N, 100.98 E
11. Laem Chabang, Chon Buri 13.08 N, 100.88 E
12. Phetchaburi 13.00 N, 100.06 E

5.3 Spatial Correlation Estimation

5.3.1 Spatial Correlation Coefficient

In this analysis, we used the data of the 12 rain gauge stations over 4 years to
evaluate the behavior of rainfall and to construct the site diversity formula for
Thailand. Basically, we derived the spatial correlation coefficient in Eq. (5.1)
to calculate the correlation in each distance for a total of 66 combinations.
For example, Figure 5.2 shows a scattergram of rainfall rates between

stations no. 1 and no. 2.

nY RR —(3R)(ZR,)

P = (2.1)

(ER)~(ZR) (n(ZR)~(ZR,)
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where R is rainfall rate (mm/h), and subscripts x and y are station numbers.
The correlation coefficient is calculated when R, and R, are both greater than

0 mm/h.

100

80 -

60 +

Rainfall rate (mm/h) of station No.2

60 80 100
Rainfall rate (mm/h) of station No.1
Figure 5.2: Example of rainfall rate scattergram between stations no. 1 and

no. 2.

Then, we calculated the distance between two points from the latitude
and the longitude of each station’s location by using the Haversine formula.
The spatial correlation coefficient and the distance are plotted in Figure 5.3.
To find the relation between spatial correlation and distance, the conventional

formula of distance dependence [7] is used as follows:
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p=e°" (5.2)

where D is distance (km), and a and £ are approximation coefficients of the
model. If the correlation is approximated by Eq. (5.2), the relation between

In(D) and In(-In p) becomes linear.

2.0

1.5

1.0 4

In(-In p)

0.0 4

In(D)
Figure 5.3: Relation of spatial correlation and distance on a linear scale.

A linear regression fitting method is used to estimate the
approximation coefficients from Figure 5.3. Here, the approximated value of

ais 0.321 and £ is 0.468.
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In Figure 5.4, the abscissa represents the distance (km) obtained from
each pair of rain gauge results and the ordinate represents the spatial
correlation. It is normal for the spatial correlation to peak at the same
position (0 km) and to decrease as the distance increases. The results in
Figure 5.4 show that the conventional formula with our approximation

coefficient (solid line) fits well with the spatial correlation from the rain

gauges.
1.0
X  p of rain gauge
—— model formula
.8 1
c
0
)
L
=
o
(&)
)
—
©
o
w
"—x—-:c___

200

Distance (km)

Figure 5.4: Comparison of approximation formula and spatial correlation
coefficients of rainfall rates.
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Table 5.2: Distance, spatial correlation and azimuth angle parameters.

D
(km) No. 1 2 3 4 5 6 7 8 9 10 11 12
1 28.11 2198 10252 31.27 6973 2015 9995  B346 7379  98.12 118.01
2 | 2811 T—_ 903 92.51 16.44 8025 4818 9126 9150 5181 7132 95.52
3 21.98 903 TT——_ 9987 2285 7173 4199 8705 9422 60.78 7989  97.23
4 | 10252 9251 9987 T~ 77.04 17047 11173 180.17 6025 5397 7970 161.80
5 3127 1644 2285 77.04 T—__ 9394 4879 10766 7628 4253 6877 108.10
6 | 6973 8025 7173 17047 9394 T~ 7072 61.55 15107 13145 14345 113.57
7 2015 4818 4199 11173 4879 7072 T 11194 8108  90.65 117.16 136.34
8 | 9995 9126 87.05 180.17 107.66 6155 11194 18109 12955 12593 6177
9 | 8346 9150 9422 6025 7628 15107 8108 18109 T~ 8654 12051 183.26

10 | 73.79 5181 6078 5397 4253 13145 90.65 129.55 86.54 T 3425 107.93
11| 9812 7132 7989 7970 6877 14345 117.16 12593 12051 3425 T 88.74
12 [ 118.01 9552 9723 161.80 108.10 113.57 13634 6177 18326 10793 B88.74
P No. 1 2 3 1 5 6 7 8 9 10 11 12
1 0.191 0244  0.108 0185 0168 0204  0.07] 0.099  0.097 0.112  0.09
2 | 0191 TU— 0530 0071 0340 0007 0157 0067 0063 0058  0.104  0.19]
3| 0244 0530 T—0_ 0.041 0363 0069 0210 0.047 0078 0037  0.190  0.099
4 | 0108 0071 0041 T~ 0017 0020 0026 0032 0070 0.127 0063 0.050
5 | 0185 0340 0363 0017 T 0033 0147 0052 0142 0075 0008 0.057
6
7
8
9

0.168 0007 0069 0020 0033 X 0.145  0.180  0.005  0.004 0302  0.091
0204 0157 0210 0026  0.147  0.145 \ 0.064  0.141 0.117 0213 0.014
0071 0067 0047 0032 0052 0180  0.064 \ 0073 0095 0020 0.166
0099 0063 0078 0070 0.142 0005  0.141 0.073 -\ 0.086  0.053  0.028
10 | 0097 0058 0037 0127 0075 0004 0117  0.095  0.086 \ 0.204  0.005
11| 0112 0104 019 0063 0008 0302 0213 0020 0053 0204 \ 0.005
12 | 0.09  0.19] 0099 0050 0057  0.091 0014 066 0028 0005  0.005
) (deg) No. 1 2 3 1 5 6 7 8 9 10 11 12
-177.77 -19434 -115.75 -14594 -279.22  -3.08 -241.74 -7991 -146.78 -162.61 -210.24
177.77 x -315.83 -100.31 -82.17 -299.09 0.00 -257.52 -6235 -130.56 -156.76 -219.19
19434 31583 T—__ -10339 -101.07 -29692 -8.94 25231 -67.76 -131.35 -154.37 -213.74
11575 10031 103.39 x -284.31 -289.24 -305.51 -269.14 -350.65 -252.24 -232.13 -249.28
14594 82.17 10107 284.31 \ -293.11 -34047 -258.26 -5821 -14744 -17004 -225.18
279.22  299.09 29692 289.24 293.11 X -82.69 -198.28 -88.57 -12340 -136.63 -175.09
3.08 0.00 894 30551 34047 B9 \ -23298 9384 -15436 -166.05 -20640
241.74 257.52 25231 269.14 25826 19828 23298 —_  -69.77 -9578 -111.01 -151.76
79.91 6235 6776 35065 5821 88.57 9384 6977 X -209.17 -206.21 -230.65
146.78 13056 131.35 25224 14744 12340 15436 9578  209.17 \ -198.57 -247.66
162.61 156.76 15437 23213 17004 13663 16605 11101 20621 19857 x -264.37
21024 219.19 21374 24928 225.18 17509 20640 151.76 23065 247.66 264.37

RSN WN —

5.3.2 Spatial Correlation Pattern Analysis

In this section, we derive the rainfall spatial correlation pattern from 3
parameters: distance, spatial correlation and azimuth angle as shown in
Table. 5.2. Each parameter is calculated from a pair of rain gauge data.
Derivation of this pattern requires symmetrical information. However, the
bearing angle can be calculated in both directions of a pair of rain gauge data
and can use the same data of spatial correlation and distance. Finally, we

obtain 132 combinations.

114



Chapter 5. Site Diversity Method

Figure 5.5 illustrates the spatial correlation pattern derived from rain
gauge data around the center of Bangkok, Thailand. The abscissa represents
the distance from West to East in kilometers and the ordinate represents the
distance from South to North in kilometers. The result shows that a high
correlation happens within 10-20 km of the center. To most effectively locate

the site diversity for distances of more than 20 km, the direction should be

considered.

Distance (South-North) (km)

z L B : | s 5 %
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Distance (West-East) (km)

Figure 5.5: Rainfall spatial correlation pattern in the center of Thailand.
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5.4 Site Diversity Gain Improvement

According to the derived results from the previous section, especially from
the spatial correlation pattern, the existing site diversity formula should be
improved. It is shown that the spatial correlation is not only dependent on the
distance but also the direction. This dependence should be included, as

shown in the following equation:
p(D,0)= exp[—a(D,é’) DPADO ] (5.3)

The site diversity gain formula is expressed by ITU R P.618-12 as the

equation below.
G, =k(1-p)" (5.4)

Then, Eq. (5.4) can be improved to estimate the diversity gain more
accurately by using the spatial correlation that depends on both distance and

direction. The new formula is rewritten as follows:
G, = k(l - exp[—a(D,e)Dﬁ(D-o’])m (5.5)

where G, is diversity gain, and k and m are the approximation coefficients of

diversity gain.
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5.5 Summary of Chapter 5

The distance and direction dependences of the spatial correlation factor are
shown. The spatial correlation can be used to consider the rain attenuation
mitigation method, especially in tropical areas such as Thailand. The
improvement of the site diversity gain contributes to a more precisely
predictable formula. However, to mitigate the rain attenuation in future
satellite communications in the high frequencies of the Ka-band and above,
the number of diversity sites should be increased inversely to the size of the

site diversity [10].

In this analysis, we used 3 hours of averaged rain rate data. It is known
that data at shorter time intervals, such as 1 min intervals, are suitable for
evaluation of rain attenuation mitigation methods. It is expected that shorter
time intervals of rain rate measurement can provide smaller rain correlation

coefficients between two sites.
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Chapter 6

Conclusion

6.1 Summary of Preceding Chapters

This thesis has revised and proposed improved attenuation mitigation
methods to support the next generation of satellite communications
operating in the Ka-band and above. The main results are summarized as

follows.

Chapter 1 presented the roadmap of satellite communication and overall

rain attenuation mitigation technologies.

Chapter 2 revised the cross-polarization effects due to rain from 10-100
GHz and discussed the relation between rainfall rate, attenuation and XPD.
Moreover, homogeneous and inhomogeneous rain models were considered.
According to the conventional raindrop size distribution of MP model it may
overestimate small diameter raindrop number, on the other hand the latest
Gamma model has convex shape distribution. Then, it is expected that the

propagation parameter such as attenuation and XPD difference between MP
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and Gamma models becomes apparent in higher frequency are such as 100
GHz which as short wave. This speculation is theoretically proved by

attenuation and XPD relations.

Chapter 3 proposed that the most effective method is time diversity for non-
real time satellite communication services. Regarding the time diversity
strategy is to transmit the broadcasting contents twice with certain time
difference. More specifically, if the exact real-time transmission is not
needed such as broadcasting type transmission, the contents are transmitted
in advance with certain time to the formal transmission time. This time
advance contents are largely compressed to save frequency resource. In this
research work, it is found that even several minutes time diversity, it is
equivalent to double the transmission power or antenna area. The results
were expressed well as a rain intensity map, a cumulative time percentage
and a diversity gain. In addition, significant parameters that can improve the

accuracy of the prediction system were found.

Chapter 4 proposed the adaptive satellite power control method for
locations in Japan to preliminarily investigate the power consumption. The
results revealed that boosted areas can be increased by increasing the beam
number, beam size or even the boost power. More specifically, if the
summation of boosted areas are the same, it is efficient to use many small
boosted beams rather than one large boost beam because of rain confinement

to small areas as rain intensity increases.

Chapter S described improvement of the site diversity method by using the

Thai rain gauge network. Three factors, which are spatial correlation,
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distance and direction, were taken into account to enhance the prediction of
the site diversity gain formula. Regarding the spatial correlation pattern in
Thailand look like no large correlated areas, it is due to rain behavior in the
tropical areas as convective rain is happened in the short period of time with
small areas. It is expected that the site diversity method in more effective in
tropical areas than middle latitude areas because at the same distance
difference rain spatial correlation in tropical areas may be much smaller than
middle latitude. It is speculated from the fact that space correlation property
derived in Thailand which use the 3 hour integrated time is nearly the same
as Japan using several minutes integration time. It is well known that the
integration time decreases as space correlation of rain decreases. That is why
it becomes important to realize transformation method from correlation with
longer integration time to shorter one. This becomes important for future

work.

Note: 1.) To realize high-speed wireless network, one example is to
use dual polarization link which uses orthogonal polarization with the same
frequency. In the design for such dual-polarized link, it is important to
consider the both effect of attenuation and XPD. For digital communication
link, it is known that the effect of attenuation is larger than depolarization.
Then, the following Chapter 3-6, author emphasize the analysis on
attenuation mitigation technologies.

2.) For the tropical regions high speed satellite links, some

attenuation mitigation technologies should be combined.
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6.2 Comparison of attenuation mitigation technologies

The comparison of rain attenuation mitigation technologies in this research
are shown in Table 6.1 to summarize the advantage and disadvantage among
three methods. These methods are not exclusive and may be realize more

effective attenuation countermeasure.

Table 6.1: Advantage and disadvantage of 3 mitigation methods.

Method Advantage Disadvantage

_ o - The most effective method - Non-real time
Time diversity ) o
- Ground technologies communication

. . - Limited power resource
Adaptive satellite

!

Specific areas needed
- Ineffective for large

power control Real time communication

attenuation

o - Good for large attenuation )
Site diversity ) o - Cost expensive
- Real time communication

6.3 Future Work

Specific rainfall rate information for Japan is very useful to improve the
performance of rain attenuation mitigation technologies. It will be more
useful if we can establish the following systems to obtain valuable
information in tropical areas, especially Thailand. Our planned work is listed

below:

» A collection system of the raindrop size distribution in Thailand

should be established.
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» It is very important to improve the rain gauge network in Thailand
from a long duration (3 hours) to a suitable duration (1 minute). A
shorter duration can be used to evaluate time diversity and site
diversity performances.

» By using above additional valuable data, more detailed evaluation of

attenuation mitigation technologies should be done.
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